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ABSTRACT 
The underlying goal of neuroscience research is to understand how the nervous 
system functions to bring about behavior. A detailed map of neural circuits is 
required for scientists to tackle this question. To this purpose, we developed a 
synthetic and genetically-encoded system, TRanscellular ACtivation of 
Transcription (TRACT) to monitor cell-cell contact. Upon ligand-receptor 
interaction at sites of cell-cell contact, the transmembrane domain of an 
engineered Notch receptor is cleaved by intramembrane proteolysis and releases 
a fragment that regulates transcription in the receptor-expressing cell. We 
demonstrate that in cultured cells, the synthetic receptor can be activated to drive 
reporter gene expression by co-incubation with ligand-expressing cell or by 
growth on ligand-coated surfaces. We further show that TRACT can detect 
interactions between neurons and glia in the Drosophila brain; expressing the 
ligand in spatially-restricted subsets of neurons leads to transcription of a 
reporter in the glial cells that interact with those neurons. To optimize TRACT for 
neural tracing, we attempted to target the synthetic receptor to post-synaptic 
sites by fusion with the intracellular domain of Drosophila neuroligin2. However, 
this modification only facilitate the receptor to be localized homogeneously 
throughout the neurites. The induction data of the modified receptor shows that 
the new receptor has better sensitivity compared to the original receptor, but the 
ligand-receptor interaction still happened at non-synaptic sites of membrane 
contact. To further target the ligand to pre-synaptic sites, we fused the ligand to 
vii	
	
	
different pre-synaptic markers. We found the one fused with synaptobrevin is 
likely located at axon terminals, but only able to trigger moderate induction. 
Therefore, more examinations are required to further characterize the capability 
of this ligand.  In summary, TRACT is useful for monitoring cell-cell interactions in 
animals and could also be used to genetically manipulate cells based on contact. 
Moreover, we believe that proper targeting of the ligand to synaptic sites will 
improve the specificity of TRACT for synaptic connections in the future.  
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CHAPTER 1 - Methods to investigate neuronal connectivity in the brain  
 
 
 
 
This Chapter was adapted from the manuscript: 
Methods to investigate the structure and connectivity of the nervous 
system. 
Donghyung Lee, Ting-Hao Huang, Aubrie De La Cruz, Antuca Callejas, Carlos 
Lois. Fly (Austin). 2017 Feb 16:0. [Epub ahead of print] 
THH and CL initiated the idea. DL, THH, ADLC, AC and CL prepared the 
manuscript. DL drew the figures. THH and CL coordinated and supervised the 
preparation of the manuscript.  
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Introduction 
Understanding the computations that take place in neural circuits requires 
identifying how neurons in those circuits are connected to one another. In 
addition, recent research indicates that aberrant neuronal wiring may be the 
cause of several neurodevelopmental disorders, further emphasizing the 
importance of identifying the wiring diagrams of brain circuits. Therefore, in 
recent years, there has been a resurgence in interest in the analysis of the wiring 
diagrams of nervous systems, the so-called connectomics. The study of the 
connectome originated with the pioneering reconstruction of the entire C. elegans 
nervous system by electron microscopy (EM) in 1980, and has expanded to 
additional organisms, such as Drosophila and mice. The C. elegans nervous 
system, comprised of just over 1,000 neurons, is relatively simple to analyze. In 
addition, due to its fast generation time and reproductive peculiarities, C. elegans 
is an outstanding model for genetic analysis. However, there are a few issues 
that limit the usefulness of C. elegans for studies of the nervous system.  First, C. 
elegans has a very limited behavioral repertoire. Second, C. elegans neurons 
lack voltage-gated sodium channels and consequently do not fire action 
potentials.  Neurotransmitter release in C. elegans occurs via graded 
depolarizations mediated by voltage-gated calcium channels, a mechanism that 
is not shared by vertebrates or most invertebrates.  Finally, electrophysiological 
recordings in C. elegans are notoriously challenging. Consequently, it is difficult 
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to establish correlations between synaptic activity and behavior in C. elegans.  
The mouse is an attractive model for neuroscience. It is the most genetically 
tractable mammal, and there is strong conservation of physiology and anatomy 
between the rodent and human brain. In addition, despite its relatively slow 
generation time, techniques for genetic manipulation and electrophysiological 
recordings in mice are highly sophisticated.  However, the mouse brain has more 
than 100,000,000 neurons, making it very difficult to analyze and understand the 
structure and dynamics of its nervous system. 
The Drosophila brain, by comparison, only has around 100,000 neurons.  The 
simplicity of its brain combined with the sophisticated tools available for genetic 
manipulation allow scientists to map entire circuits in Drosophila at the cellular 
level. At the same time, Drosophila exhibit more sophisticated behavior and 
circuitry than do C. elegans, making the study of its nervous system pertinent to 
understanding our own. In fact, some of its brain circuits, such as the olfactory 
circuit, show significant overlaps in organization and function with equivalent 
circuits in the mammalian brain. Ultimately, the Drosophila brain is an excellent 
model system for understanding how the connectome gives rise to function and 
behavior. As a result, many of the new methods to investigate the connectivity of 
neurons have been developed for use in Drosophila. These methods can be 
broadly divided into two groups: those based on electron microscopy (EM) 
analysis of brain tissue, and those based on genetic techniques.  
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(1-1) Analysis of synaptic organization by EM: 
EM represents the gold standard for analysis of brain structure. Due to its 
high resolution, EM can unambiguously identify synapses. EM uses accelerated 
electron beams instead of light as its source of illumination and can consequently 
reveal the ultrastructure of biological tissue with xy-resolution as high as 2 nm. 
Chemical synapses can be visually identified from EM image because synaptic 
vesicles are concentrated at the presynaptic site and most Drosophila 
presynaptic sites have a morphological specialization called the T-bar as a pre-
synaptic marker.   
There are several variations of EM that can be used to study brain 
connectivity, but the one that has been used most extensively by 
neuroanatomists is serial-section transmission electron microscopy  (ssTEM). For 
this technique, biological tissue is fixed, stained, embedded in resin, and then 
serially cut into sections around 40 nm thick with an ultramicrotome. The resulting 
slices are collected and visualized by transmission electron microscopy (TEM), 
which measures the electrons that pass through the sample. TEM offers the best 
xy-resolution of all EM methods. After images are generated from serial sections, 
they are first aligned along the xy-axis. Then, cellular membranes and organelles 
are identified and marked in a process known as segmentation. Finally, the 
segmented images are linked across the z-axis for 3D-reconstruction of neurons. 
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Though the initial steps (sectioning, imaging, alignment and segmentation) can 
be automated with varying degrees of success, reconstructing and proofreading a 
3D-model from serial images requires hundreds of hours of skilled labor and 
represents the limiting step. Ongoing work seeks to streamline this process 
(Chklovskii et al., 2010; Schneider-Mizell et al., 2016). 
The resolution of EM reconstructions offers two main advantages over 
other connectomic techniques. First, EM reconstructions can yield a 
comprehensive understanding of a small neuronal circuit. For example, the EM 
volume generated from the antennal lobe of Drosophila larva identified over 
38,000 synapses among 160 neurons (Berck et al., 2016). Analysis of this 
connectome allowed the authors to build a circuit-level model that suggests how 
larva could move towards food sources while staying vigilant to predator-related 
olfactory cues. Additionally, the high resolution of EM leads to a quantitative 
assessment of neural circuits. Because EM reconstructions can reveal the size 
and the number of the synapses that exist between neurons, EM can provide an 
estimation of the strength of connection between neurons. This can be 
subsequently used to support theories of circuit function (Takemura et al., 2013). 
Although understanding circuit mechanisms rarely comes from its wiring diagram 
alone, the detail of connectomes generated by EM allow for models that can be 
subsequently tested with functional experiments. 
EM is an extremely powerful method, but it suffers from several important 
limitations. First, for tissues to be analyzed by EM, they need to be fixed and 
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dehydrated. This process kills the cells in the tissue, preventing the direct 
combination of EM with functional analysis by electrophysiological or optical 
recordings. Second, EM is extremely time and labor-intensive. For reference, the 
seminal reconstruction of the C. elegans connectome took several years to 
complete for one single specimen. Similarly, EM reconstructions of the larval 
antennal lobe (Berck et al., 2016), the adult optic medulla (Takemura et al., 
2013), and the A2 and A3 segments of VNC (Butcher et al., 2012) provide 
exhaustive connectomic data but only in localized circuits and for single samples. 
Even with the continuing optimization of automated reconstructions, EM will likely 
remain unsuitable for studying the connectivity of neurons with long-range 
projections. For example, when analyzing the structure of a brain circuit in 
Drosophila, it is impossible to identify the origin of the axons that belong to 
neurons located in the ventral nerve cord (VNC).  Additionally, the variability of 
neural connections across time, between individuals, or with respect to directed 
mutations is unsuitable for analysis by EM. 
  
1-1.A - Future advances for EM: 
New advances in EM techniques promise to address some of the 
bottlenecks associated with traditional ssTEM. For example, automatic tape-
collecting ultramicrotome scanning electron microscopy (ATUM-SEM) automates 
the process of collecting the serial sections created with an ultramicrotome. 
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Serial-block face scanning microscopy (SBEM), on the other hand, utilizes an 
electron microscope with a built-in ultramicrotome such that the sample is imaged 
as the top layer is serially sectioned and removed. Similarly, in focused ion beam 
(FIB) SBEM, the surface of the sample is imaged, and then vaporized with a 
focused ion-beam to allow for imaging of the next layer. SBEM techniques lead to 
flawlessly automated alignment across the z-axis. Though all of these techniques 
provide lower xy-resolution than ssTEM, FIB-SEM offers higher z-resolution than 
does ssTEM (10 nm vs. 40 nm). The superior z-resolution enables scientists to 
generate EM volumes with isotropic voxels that can be digitally resectioned for 
best graphical representation of neuritis (Hayworth et al., 2015). Such 
advancements in EM techniques, combined with ongoing efforts to automate 3D-
reconstructions, offer the possibility of applying EM to larger volumes and larger 
sample size in the future. 
Additionally, there is great interest in developing strategies for Correlative 
Light Electron Microscopy (CLEM) (Begemann and Galic, 2016). Traditionally, 
sample preparations for EM and LM have been incompatible, preventing the 
combination of EM and LM for the same sample. Several methods now exist to 
allow for CLEM. Optimized freeze-substitution embedding methods allow 
fluorescence imaging and EM imaging of the same sample in succession 
(Collman et al., 2015). In addition, a gene called miniSOG has been designed to 
act as a genetically encoded tag that can be visualized by LM and EM. miniSOG 
is a fluorescent protein that can be directly imaged by fluorescence microscopy, 
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and can be induced to produce singlet oxygens that generate an electron-dense 
material detectable by EM (Shu et al., 2011). Similarly, neurons of interest can be 
tagged with GFP, imaged in vivo with two-photon microscopy, and marked by 
etching with a near-infrared laser for identification at the EM level (Blazquez-
Llorca et al., 2015). Parallel efforts in EM chemistry led to the development of 
multicolor EM (Adams et al., 2016). In this strategy, conjugated antibodies are 
used to locally deposit lanthanides that have distinct energy-loss spectra. The 
distribution of each lanthanide in the sample can be independently recorded with 
energy-filtered TEM to create pseudocolored images that are overlaid on a 
traditional EM image. Currently, there are 3 lanthanides that can be used to 
orthogonally mark molecules on an EM image. Application of multicolor EM to 
connectomic studies, in conjunction with advancements in CLEM, would allow 
scientists to conveniently integrate ultrastructural information about synapses 
with genetic tools that can readily label distinct subpopulations of neurons. 
 
(1-2)  Analysis of synaptic organization by LM: 
As mentioned above, the main limitations of EM are that it cannot be used 
to examine live tissue, trace long distance connections, or investigate large 
numbers of samples. These bottlenecks of EM can be overcame by LM, which is 
considerably less time- and labor-intensive. Unfortunately, the resolution of LM is 
restricted to the wavelength of light used to illuminate the samples (400-600 nm). 
However, recently developed techniques such as STED (STimulated Emission 
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Depletion) microscopy (Hell and Wichmann, 1994; Klar et al., 2001), PALM 
(PhotoActivatable Light Microscopy), and STORM (STochastic Optical 
Reconstruction Microscopy) (Nienhaus and Nienhaus, 2014; Yamanaka et al., 
2014) allow investigators to image the brain at subdiffraction limit resolution (10-
50 nm for lateral resolution, Maglione and Sigrist 2013). STED uses patterned 
illumination to restrict light emission to a small region, while PALM and STORM 
use spare photoactivation of fluorophores to achieve a similar goal (Huang et al., 
2010). At this resolution, subcellular structures such as individual 
neurotransmitter vesicles or T-bars can be discerned. Although the resolution of 
these methods is still lower than that of TEM, LM offers two major advantages. 
First, LM can be directly combined with genetic methods for labeling cells. The 
wealth of genetic tools in flies makes it possible to direct expression of 
fluorescent proteins or other transgenes to neuronal subpopulations. In 
conjunction with thousands of promoter elements that are widely available, there 
are three modular systems (Gal4/UAS, LexA/LexAop, and QF/QUAS) that can be 
used orthogonally to express pre- and postsynaptic markers in distinct sets of 
neurons, but also combinatorially to direct expression to highly precise 
subpopulations of neurons (del Valle Rodriguez et al., 2011). Additionally, LM 
can be used in live animals with parallel electrophysiological and optical imaging 
techniques. This allows researchers to combine structural and functional 
information in a way that EM cannot. 
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Several methods, including STaR (Synaptic Tagging with Recombination), 
use genetic labeling of synaptic sites to identify putative synaptic contacts 
between neurons (Chen et al., 2014; Christiansen et al., 2011; Kremer et al., 
2010; Mosca and Luo, 2014) (Fig. 1-1). These methods have been used to study 
the variation in synaptic organization among individuals in different conditions 
and at different developmental stages, and to compare the changes in 
connectivity caused by mutations (Akin and Zipursky, 2016; Chen et al., 2014; 
Christiansen et al., 2011; Liu et al., 2016b; Mosca and Luo, 2014).  In these 
methods, pre- and postsynaptic markers need to be genetically fused with 
different tags, such as fluorescent proteins, or tags that can be detected by 
immunocytochemical staining, such as the V5, HA, or OLLAS tag (Fig 1-1a). 
Therefore, by analyzing the proximity of pre- and postsynaptic markers, putative 
synaptic sites can be revealed directly by LM imaging (Fig. 1-1b). Moreover, as in 
most methods that depend on LM, fluorescent protein-tagged synaptic markers 
allow for the monitoring of changes in synapses in the same animal over time by 
live imaging using methods such as 2-photon microscopy (Chen et al., 2014). 
The most common tagged marker to locate presynaptic sites is Bruchpilot 
(Brp), a large protein that selectively localizes to most active zones in the 
presynaptic site. However, it is important to note that several EM studies have 
shown that some (Robinson et al., 2002) presynaptic sites in the Drosophila 
brain, such as the calyx of the mushroom body, are devoid of the T-bar structure, 
11	
	
	
and the Brp protein level in some of the T-bars is either too low to be detected or 
completely absent (Butcher et al., 2012; Hamanaka and Meinertzhagen, 2010; 
Meinertzhagen and Lee, 2012). Therefore, it is necessary to validate the 
expression of the tagged Brp marker in different types of synapses in different 
brain regions before using this marker. As an alternative, tagged synaptic 
vesicular proteins, such as synaptobrevin and synaptotagmin, can be used to 
mark presynaptic sites (Robinson et al., 2002; Rolls et al., 2007; Uytterhoeven et 
al., 2011; Zhang et al., 2002). Because these two markers are located in the 
synaptic vesicular pools, they would likely label the entire presynaptic boutons, 
not just the active zones where the neurotransmitter release occurs. There is 
currently no pan-postsynaptic marker available for Drosophila.  However, tagged 
neurotransmitter receptors can be used to label postsynaptic sites. Examples 
include the histamine-gated chloride channel, Ort, for some neurons in the optic 
lobe (Chen et al., 2014) and the acetylcholine receptor subunit, nAChRα7, in the 
antennal lobe and mushroom body (Christiansen et al., 2011; Leiss et al., 2009). 
However, it is important to note that using these neurotransmitter receptors will 
only detect the synapses that are mediated by those receptors.  Thus, these 
strategies are useful to confirm the presence or absence of synaptic connections 
that are known (or suspected) a priori, but are not suitable to discover synaptic 
connections in an unbiased way. 
Additionally, it is important to note that overexpression of full length Brp or 
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neurotransmitter receptors might disturb normal synaptic properties and neural 
circuits (Andretic et al., 2008; DiAntonio, 1999; Liu et al., 2009; Petersen et al., 
1997; Tsurudome et al., 2010; Wagh et al., 2006). Close attention should be paid 
to the possible influences on native function of synapses when synaptic markers 
are overexpressed. Alternatively, using endogenous regulatory promoters of 
synaptic markers allows investigators to recapitulate normal expression levels 
and avoid overexpression. For example, for STaR, Chen et al. (2014) used the 
full length of genomic locus of Brp and Ort incorporated into a bacterial artificial 
chromosome (BAC) that included their endogenous regulatory promoter to keep 
the expression at physiological levels. In this case, a stop cassette flanked by 
FRT sites followed by the tag epitopes replaced the stop codon of Brp or was 
placed after the signal peptide of Ort. By crossing these flies to flies expressing 
the Flp recombinase in the desired neuronal types, the stop cassette was 
removed, and the tagged synaptic markers were selectively expressed in those 
neurons. Finally, instead of using the full-length tagged Brp, which is a very large 
protein, it is possible to use the C-terminal fragment of Brp fused with a 
fluorescent protein (Brp-short-FP) to label presynaptic sites (Berger-Muller et al., 
2013; Christiansen et al., 2011; Mosca and Luo, 2014; Schmid et al., 2008; Sugie 
et al., 2015). The advantage of using Brp-short-FP is that it will bind to the 
endogenous Brp clusters in T-bars without forming aggregation, minimizing any 
potential changes to native synaptic properties (Fouquet et al., 2009; Kremer et 
al., 2010; Schmid et al., 2008). 
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To precisely analyze the proximity of pre- and postsynaptic markers, 
especially in regions with dense synapses, super-resolution microscopy methods 
(see above) may be required. Recently, these technologies have been used in 
Drosophila brain thin sections (8 µm) or whole brains (Spuhler et al., 2016). By 
using super-resolution microscopy in Drosophila brain sections, individual active 
zones labeled with Brp-short-mCherry could be clearly recognized. Moreover, 
combined with the proper image analysis methods, the spatial organization of the 
tagged synapses can be analyzed with resolving powers that approach those of 
EM. However, because of the influence of light scattering and spherical 
aberrations, only the top 1-3 µm of the sections can be imaged to obtain the 
optimal resolution. For this reason, reconstructing the connectome from a large 
piece of fly brain by super-resolution microscopy would still be time-consuming. If 
super-resolution microscopy could be combined with methods that allow for 
imaging in thick tissues, such as tissue clarification techniques, this would benefit 
the processes to analyze the synaptic organization in large brain regions or even 
whole brains in Drosophila. Recently, Ke et al. (Ke et al., 2016) used super-
resolution microscopy to image the optic lobe neurons in whole Drosophila brains 
treated by a tissue-clearing method called SeeDBD2. Their approach allowed 
them to reconstruct the morphology of entire axon terminals of Mi1 medullary 
neurons at the resolution of 50-150nm. 
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1-2.A - GRASP (GFP Reconstitution Across Synaptic Partners): 
GRASP is a genetic method used to identify cell contacts and synapses in 
living animals (Feinberg et al., 2008).  It was initially developed in C. elegans, but 
it has been subsequently applied to the study of Drosophila brain connectivity. 
GRASP labels synapses based on the proximity of the pre- and postsynaptic 
plasma membranes. In CNS (central nervous system) synapses, the membranes 
of two synaptic partners are typically separated by less than 100 nm of 
extracellular space, which is known as the synaptic cleft. This distance can be 
spanned by transmembrane proteins expressed in the two interacting neurons. 
As the name implies, GRASP is based on the reconstitution of two fragments of 
the split-GFP across the synapses of interacting neurons. Each of the two non-
fluorescent split-GFP fragments are added to carrier transmembrane proteins.  
The two fragments of the split GFP assemble into a fluorescent form only when 
the membranes are sufficiently close to permit carrier proteins to span the 
intercellular gap. One fragment of the split GFP, spGFP1-10, is 214 aa long while 
the second fragment, spGFP11, is just 16 residues long. The spGFP11 fragment 
can therefore be inserted into many different proteins without affecting their 
function. 
In initial experiments in C. elegans, each fragment of GFP was fused to the 
extracellular domain of the cell adhesion molecule CD4 (Feinberg et al., 2008). 
However, this molecule is homogeneously distributed throughout the plasma 
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membrane, without any specificity for synaptic sites. As a result, this 
implementation of GRASP led to GFP reconstitution throughout the membrane 
including at sites of non-synaptic contact (Fig 1-2A). To improve the specificity of 
the system, one or both of the GRASP components were fused to synaptically 
localized proteins, restricting GFP reconstitution to synapses (Fig 1-2B). 
Gordon and Scott (Gordon and Scott, 2009) demonstrated that GRASP 
works efficiently in flies by using it to detect cell-cell contact at the synapses 
between olfactory receptor neurons (OSNs) and projection neurons (PNs). The 
power of fly genetics has allowed the GRASP system to be expanded for 
studying neuron-muscle connections (Hasegawa et al., 2016; Itakura et al., 
2015), the visual circuit (Lin et al., 2016), the circadian rhythm circuit (Cavanaugh 
et al., 2014; Gorostiza et al., 2014), the olfactory circuit (Masuda-Nakagawa et 
al., 2014), and even non-neural tissue, such as eggs and wing discs (Bosch et 
al., 2015; Huang and Kornberg, 2015).  A recent modification of the GRASP 
system has taken advantage of the properties of some synaptic proteins that are 
displayed on the membrane only after the release of neurotransmitters 
(Macpherson et al., 2015). In order to limit GFP reconstitution to active synapses, 
the investigators fused spGFP1-10 to the extracellular domain of neural 
synaptobrevin (nSyb), which is exposed to the synaptic cleft only after vesicle 
release (nSyb::spGFP1-10). They tested this by expressing nSyb::spGFP1–10 in 
OSNs and its GRASP partner CD4::spGFP11 broadly in PNs. GFP was 
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reconstituted at synapses after artificial stimulation with KCl or natural stimulation 
with cognate odorants, demonstrating that NSyb::GRASP can preferentially label 
active synapses in the Drosophila brain. 
Many useful fluorescent proteins, such as GFP itself or the calcium 
indicator GCaMP (Chen et al., 2013), cannot be used simultaneously with 
GRASP since initially it was only available in green. Recently developed variants 
such as CRASP (cyan) (Li et al., 2016) or YRASP (yellow) (Macpherson et al., 
2015) allow investigators more flexibility because they do not overlap with 
GCaMP signal. In addition, the three reconstitution techniques can be used in 
parallel to study multiple synaptic connections orthogonally. 
The GRASP system has also been adopted for use in mice (Kim et al., 
2011). To specifically monitor the synaptic sites, the two fragments of split GFP 
are fused to Neurexin-1b and Neuroligin-1, which are known to localize at the 
pre- and post-synaptic sites, respectively. However, GRASP, unlike in 
Drosophila, has not been widely used in mice. This might be due to the difficulty 
of detecting the GRASP signal when analyzing the images (Feng et al., 2012), or 
the comparative lack of genetic tools to selectively label specific types of neurons 
in a complex brain. 
The GRASP system is very powerful, but it suffers from three important 
limitations.  First, the reconstituted fluorescence is often weak, making it difficult 
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to detect in vivo. The reconstitution of GFP can be detected in fixed tissue using 
immunofluorescence with different GFP antibodies that can selectively detect 
spGFP1-10, spGFP11, or the reconstituted GFP. However, immunostaining 
requires fixation of the tissue, and thus it precludes the combination with 
functional methods such as electrophysiological or optical recordings. Recently, 
to solve this problem, several new strategies based on the concept of GRASP 
have been developed, which use neuroligin and neurexin conjugated with 
enzymes to amplify the signals by catalytic reactions, such as iBlinc (Biotin 
Labeling of INtercellular Contacts) (Desbois et al., 2015). iBlinc can generate the 
detectable signals without further immunostaibning and have been applied in live 
C. elegans. However, the application in other species hasn’t been reported yet.  
Second, the interaction between the sp11 and sp1-10 fragments is irreversible, 
and can artificially render permanent cell-cell contacts that are natively transient. 
Third, GRASP reveals the point of contact between cells, but it does not allow for 
genetic manipulation of synaptically connected neurons, a feature that would be 
invaluable for functional analysis of circuitry. 
1-2.B - Photoactivatable fluorescent protein: 
When using GRASP or STaR to analyze synaptic contacts, putative pre- 
and postsynaptic neurons have to be known a priori so that the transgenic 
proteins can be expressed precisely in these neurons. Therefore, these 
strategies cannot be used to discover novel synaptic partners in an unbiased 
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manner. In contrast, photoactivatable green fluorescent protein (PA-GFP) is an 
ideal tool for discovering novel synapses, and has been successfully used in 
Drosophila (Clowney et al., 2015; Fisek and Wilson, 2014; Lai et al., 2012; Ruta 
et al., 2010). To implement this tool, a neuron of interest (first-order neuron) must 
be marked with dye or fluorescent proteins to outline its neurites. PA-GFP is 
genetically expressed pan-neuronally, or more narrowly in candidate subsets of 
neurons that are hypothesized to be connected to the first-order neuron. By 
spatially restricting the application of UV light to specific dendrite or axon 
arborizations of the first-order neuron, only the PA-GFP in neurites of partner 
neurons is converted from a weakly fluorescent state to a strongly fluorescent 
state (~100 fold increase) (Patterson and Lippincott-Schwartz, 2002). Gradually, 
the activated PA-GFP diffuses from the neurites to the cell body to highlight the 
morphology of the entire neuron (Fig. 1-3A). Recently, two new enhanced 
variants of PA-GFP, SPA-GFP and C3PA-GFP, have been generated, with the 
latter having the strongest fluorescence (Ruta et al., 2010). 
One caveat of this approach is that it can highlight any neuron that has 
arborizations within the illuminated region, including neurons that have passing 
axons or dendrites which do not synapse with the first-order neuron (Fig. 1-3B). 
Therefore, electrophysiological recordings or genetically encoded calcium 
indicators (GECIs) are required to confirm the existence of synaptic connections 
between the highlighted neurons and the first-order neuron. The recently 
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developed PA-GECIs have the features of PA-GFP (high-contrast of fluorescence 
intensity after photoactivation) and GECIs (high-sensitivity of calcium detection) 
(Berlin et al., 2015). PA-GECIs could provide a more convenient way of 
investigating connectivity by allowing investigators to initially identify the potential 
synaptic partners and subsequently test their functional connectivity in the same 
animals. 
  
1-2.C - Transsynaptic tracers: 
Transneuronal tracing in mammals has benefited from the availability of 
specific neurotropic viruses that are selectively transported across synapses. 
Herpes simplex virus type 1 (HSV1), pseudorabies virus (PRV), and rabies virus 
(RV) have all successfully been used to elucidate neural connections in mice 
(Nassi et al., 2015). Recently HSV1 and PRV have been genetically modified to 
selectively tracing neuronal circuit in mice in a Cre-dependent manner (DeFalco 
et al., 2001; Lo and Anderson, 2011). Wickersham et al., 2007 (Marshel et al., 
2010) have genetically engineered and generated a replication-incompetent RV 
by replacing its envelope glycoprotein gene (RG) in the genome, which is crucial 
for RV transsynaptic spread from neurons to neurons, to a fluorescent protein, 
and was also pseudotyped by a different envelope protein, EnvA. Without the RG 
gene in the genome, this modified RV can only infect the neurons expressing 
EnvA receptor, TVA, but cannot reproduce more viral particles to infect other 
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neurons. Therefore, by coexpression of RG and TVA in particular types of 
neurons, it allows the replication-incompetent RV selectively infects that given 
types of neurons, and mono-transsynaptically spreads to their retrograde 
synaptic partners. This genetically modified RV provide a useful tool to study 
neuronal micro-circuit at single cell resolution (Miyamichi et al., 2011; 
Wickersham et al., 2007). However, to deliver these neurotropic viruses requires 
brain surgery and stereotaxic injection, which are prone to inconsistency. 
Moreover, these viruses can cause cytotoxicity, which may influence the 
functions of labeled neurons, and limit the time period during which neurons can 
be analyzed (Callaway and Luo, 2015). Finally, it remains to be seen whether 
RV’s ability for transynaptic transport is equally efficient across different types of 
synapses (Callaway and Luo, 2015). According our experiences, the replication-
incompetent RV worked inefficiently in dendrodendritic synapses between the 
granule cells and the mitral cells in mouse olfactory bulbs.  
Unfortunately, none of the transsynaptic viruses that have been used in 
mammals work in Drosophila, presumably due to the lack of receptors or host 
cellular machinery that these viruses require for entry and replication. Non-viral 
tracers such as C-fragment of tetanus toxin or wheat germ agglutinin (WGA), can 
be expressed as transgenes into specific “source” neurons, and transferred 
across their synapses (Huh et al., 2010). The transfer of tracing agents may 
occur in an anterograde (from the source neuron's axon to its postsynaptic 
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partner) or retrograde (from the source neuron’s dendrite to its presynaptic 
partner) manner. WGA, in particular, has been used successfully as a 
transneuronal tracer in multiple species including Drosophila (Tabuchi et al., 
2000). 
WGA is a lectin protein that binds certain sugar moieties of glycoproteins 
covering eukaryotic cell membranes (Gabius et al., 2011). WGA is transported 
preferentially to the axon terminal, where it is secreted and endocytosed by the 
postsynaptic partner of the source neuron (Broadwell and Balin, 1985; Fabian 
and Coulter, 1985). WGA can then be visualized by staining or by conjugation to 
horseradish peroxidase (Broadwell and Balin, 1985). After being produced by a 
source neuron, secreted into the synaptic cleft and endocytosed by a 
postsynaptic partner, WGA can be repeatedly passed along a circuit of 
connected neurons. However, this multi-synaptic transport of WGA may not give 
a clear interpretation of data. Because only a small fraction of the WGA from the 
source neurons jumps across the synapse, and WGA does not replicate, the little 
WGA that reaches the synaptic partner can be difficult to detect. To solve this 
problem, adeno-associated viruses (AAV) encoding WGA fused with Cre 
recombinase, WGA-Cre, has been used in combination with Cre-dependent 
reporters in mice to amplify the WGA signal (Gradinaru et al., 2010; Libbrecht et 
al., 2016). However, this strategy does not seem to work robustly in mammals, 
and it remains to be tested whether parallel strategies such as WGA-Flp or 
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WGA-GAL4 can be used in Drosophila. 
1-2.D - Tango: 
The Tango assay is one such tool derived from the molecular logic of 
Delta-Notch signaling. It was initially developed to monitor the interaction of a 
receptor of interest with its ligand or agonist in the extracellular space. In the 
Tango assay, three exogenous genetic elements are introduced into a “receiver” 
cell. The first element is a protein fusion consisting of a transmembrane receptor 
fused to an intracellular transcription factor. The transmembrane domain and 
intracellular domain are separated by a cleavage site that is targeted by a site-
specific protease, such as tobacco etch virus (TEV) protease. The second 
element is a protein fusion consisting of the aforementioned protease linked to a 
protein that associates with the receptor upon agonist-binding. The third element 
is a reporter gene that can be activated by the transcription factor. The binding of 
the agonist recruits the protease to the receptor. The protease then frees the 
transcription factor from its membrane anchoring, allowing it to reach the nucleus 
and activate transcription of the reporter cassette. This results in a visual 
indication of receptor activation. 
Initially, to test as proof of concept, Barnea et al. have adopted Tango into 
receptor tyrosine kinases, steroid hormone receptors, and G protein-coupled 
receptors (GPCRs) (Barnea et al., 2008). In the design of the Tango assay for 
GPCRs, the human arginine vasopressin receptor 2 (AVPR2) was used as a 
23	
	
	
model. The receptor was fused to a transcription factor by a TEV Protease 
Cleavage Site (TCS), and the TEV protease was fused to human β-arrestin2, 
which associates with AVPR2 upon receptor activation. When these two chimeric 
constructs and a reporter gene were introduced into a cell line, the Tango-
modified AVPR2 was able to induce the reporter gene expression upon binding 
to its respective agonist. The GPCR Tango assay has since been adopted for 
use in the Drosophila nervous system. The assay can be used to both screen 
which circuits are responsive to a specific neurotransmitter (Tango-map) and 
identify the postsynaptic partners of known neurons (Tango-Trace) that use 
GPCRs as neurotransmitter receptors. 
Inagaki et al. (2012) applied the Tango-map assay to dopamine receptors 
in the Drosophila nervous system to investigate the neural circuits on which 
dopamine acts. In transgenic flies, they expressed the Tango-modified dopamine 
receptor, arrestin-TEV protease, and a reporter transgene in all neurons, to 
assess its functionality as a mapping system (Tango-map) (Fig. 1-4). They were 
able to detect expression of the GFP reporter in receiver cells that expressed the 
modified dopamine receptor upon their activation by dopamine. Next, they used 
this technique to explore which neurons received dopamine signaling following 
starvation periods, to determine how hunger affects the action of 
neuromodulators, like dopamine. 
The Tango-based technique called Tango-Trace was further used to to 
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trace the synaptic connections of photoreceptor neurons in the Drosophila visual 
system (Jagadish et al., 2014). Here the Tango assay was adopted to the 
histamine (HA) receptor, since Drosophila photoreceptor neurons use HA as their 
main neurotransmitter. As in the previous study, two fusion proteins were 
constructed (HA receptor-TCS-Gal4 and Arrestin-TEV protease) and expressed 
in flies with a reporter. In this variant of the Tango method, there was very little 
activation of the receptor by the endogenous levels of HA in the brain.  However, 
by artificially stimulating HA release in specific photoreceptor neurons with a 
temperature-sensitive cation channel (trpA1), they were able to visualize the 
postsynaptic partners to the trpA1-expressing cells. 
The Tango assay as described here has several benefits that make it a 
versatile, useful tool for visually detecting cell-cell interactions. The assay can be 
applied to 89 members of the GPCR class, making it suitable for many different 
cell types. In addition, since all three components of the receptor and reporter are 
exogenous, there is very little risk that endogenous proteases or transcription 
factors will cross-react with the system. Also, although the native receptor is 
modified with the protease cleavage site and transcription factor intracellular 
domain, the specificity of the ligand binding is unaffected, allowing receptor 
activation to remain specific to its respective ligand. Additionally, if 
neurotransmitter release can be controlled specifically in presynaptic neurons of 
interest, as with the trpA1 channel, Tango can allow for identification of its 
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functional postsynaptic partners. 
Tango also has several limitations. First, although Tango can be adapted 
for many members of the GPCR family, it is currently restricted to the study of 
cell-cell interactions mediated by GPCRs. This precludes the use of Tango for 
studying synapses mediated by gap-junctions or intercellular interactions 
mediated by anchored proteins. Furthermore, Tango requires a priori knowledge 
of the neurotransmitter used by the presynaptic neuron of interest, preventing its 
application for unbiased identification of uncharacterized synapses. Second, 
Tango has caveats that could possibly lead to false identification of connectivity. 
Theoretically, if the neurotransmitters diffuse outside of the synaptic cleft, 
neighboring neurons that express the receptor, but are not synaptically 
connected to the source neuron may be activated. To overcome these 
limitations, Tango-based systems used for future applications could be modified 
such that a membrane-tethered ligand localized to a presynaptic site could 
activate a Tango-modified receptor located in its postsynaptic partner.  
(1-3) Summary 
As mentioned above, each of the methods for tracing the neuronal 
connections has its advantages and disadvantages (Table 1-1). To overcome 
some of the limitations of currently available methods, we developed a new tool, 
which (i) can be genetically encoded in transgenic animals; (ii) does not exhibit 
cytotoxicity; and (iii), allow researchers to monitor cell-cell contacts and 
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manipulate the transcriptional profiles of the labeled cells in an unbiased fasion. 
This new genetic system, TRACT, is based on the molecular logic of the Notch 
receptor and provides a record of cell-cell interaction based on regulation of 
transcription by intramembrane proteolysis. The results have shown this new 
genetic system can monitor cell-cell contacts in cell lines in vitro, and selectively 
detect neuron-glia or neuron-neuron contacts in transgenic Drosophila in vivo. 
We anticipate, in the future, that TRACT could be used to unbiasedly trace neural 
circuits and manipulate the circuit functions to provide insights to how circuits 
provide behavior. 
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FIGURE 1-1. Visualization of synapse by genetically tagging synaptic 
proteins. (A) Fluorescent proteins or epitope tags can be targeted to synaptic 
membranes by fusion to synaptically localized proteins. For example, tags fused 
to Brp (curly black line) or synaptic vesicular proteins (white rectangle) will 
localize to the presynaptic terminal (left). There are no pan-neuronal postsynaptic 
markers, but tags (red oval) fused to neurotransmitter receptors such as Ort have 
been successfully used in the past. (B). The axon terminal (triangle) of the 
presynaptic neuron of interest (light gray) is marked with tags that are fused to 
presynaptic proteins (green). A different tag (red) is expressed at the 
postsynaptic sites of candidate partner neurons (dark gray). The proximity of 
these two distinct tags (green, red) is assessed to verify synaptic connection. 
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FIGURE 1-2. GFP Reconstitution Across Synaptic Partners (GRASP). (A). 
CD4::spGFP1-10 (dented rectangle) is distributed homogeneously throughout 
the membrane of the presynaptic neuron. As a result, GFP reconstitution (green) 
can occur at the synapse (right) as well as at sites of non-synaptic contact (top). 
(B). A presynaptic neuron (black) expressing CD4::spGFP1-10 makes contact 
with two neurons (gray) expressing CD4::spGFP11. GFP reconstitution occurs at 
all sites of membrane contact and is not specific to synapses. (C). 
NSyb::spGFP1-10 (dented rectangle) is localized to synaptic vesicles. Upon 
synaptic release, NSyb::spGFP1-10 is exposed specifically to the synaptic cleft. 
As a result, GFP reconstitution (green) only occurs at synaptic sites when 
synaptic vesicles fuse. (D). A presynaptic neuron (black) expressing 
NSyb::spGFP1-10 makes contact with two neurons (gray) expressing 
CD4::spGFP11. GFP reconstitution occurs at the synapse but not at the site of 
nonsynaptic contact. 
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FIGURE 1-3. Detection of synaptic partners by PhotoActivatable GFP (PA-
GFP). (A). A neuron of interest (red) is first highlighted with dye or fluorescent 
proteins to mark its neurites while PA-GFP is expressed in all candidate partner 
neurons (gray). When UV light is applied just outside the neurite of the 
highlighted neuron, PA-GFP in its synaptic partner (green) is converted to a 
strongly fluorescent state. The converted PA-GFP then diffuses throughout the 
partner neuron, highlighting its entire morphology. (B). One of the pitfalls of this 
technique is that UV light stimulation can also activate PA-GFP in bystander 
neurons. In this scenario, PA-GFP in two neurons (green) is activated but only 
one of these is synaptically connected to the neuron of interest (red). In practice, 
functional studies need to be carried out to confirm the candidate synaptic 
connections identified with PA-GFP. 
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FIGURE 1-4. Identifying functional synaptic contact using Tango-modified 
GPCRs. (A). When neurotransmitters (red) are released from the active zone of 
the presynaptic neuron (left), they bind Tango-modified GPCRs on the 
postsynaptic neuron (right). The binding of neurotransmitter recruits an 
intracellular protease (blue) that cleaves the transcription factor (orange) which is 
tethered to the GPCR. This transcription factor then translocates to the nucleus 
to activate transcription of reporter genes such as GFP (green rectangle). (B). 
After the presynaptic neuron of interest (dark gray) fires an action potential, it 
releases neurotransmitters (pink) that bind to the Tango-modified GPCRs 
expressed in the postsynaptic neuron. This induces GFP expression in the 
postsynaptic neuron (green) but not in the bystander neuron (light gray).  
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Table 1-1. An overview of the advantages and disadvantages associated 
with each method of identifying synaptic connections. 
  
Technique 
  
Advantages 
  
Disadvantages 
Electron 
Microscopy 
Provides detailed 
wiring diagram of small 
volumes. 
Time and labor-intensive. Impractical 
for long-range connections or for many 
samples. 
Synaptic 
Tagging 
Can monitor synapses 
in vivo. 
For regions dense with synapses, 
super-resolution microscopy may be 
required. Need genetic drivers for 
putative synaptic partners. 
GRASP Can monitor synapses 
in vivo. With 
NSyb::GRASP, can 
specifically detect 
active synapses. 
May be not sensitive enough for in vivo 
detection. Can induce irreversible 
binding at natively transient synapses. 
PA-GFP Can be used for 
unbiased identification 
of novel synapses. 
Not conclusive by itself. Requires 
functional studies to confirm. 
WGA Only requires a single 
transgene. Simple to 
implement. 
Can result in labeling of higher-order 
synapses. The signal can be difficult to 
detect because it gets diluted. 
Tango-
Trace 
Can identify functional 
synapses. Allows 
genetic manipulation 
based on synaptic 
input. 
Requires prior knowledge of 
neurotransmitters. Requires a way of 
artificially stimulating the presynaptic 
neuron of interest. 
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CHAPTER 2 
TRACT (transcellular activation of transcription), a genetic system to 
investigate cell-cell interactions in vitro 
 
 
 
 
 
 
This Chapter was adapted from Ting-Hao Huang’s publication and unpublished 
data: 
Monitoring cell-cell contacts in vivo in transgenic animals. 
Ting-Hao Huang, Tarciso Velho, Carlos, Lois. Development. 2016 Nov 
1;143(21):4073-4084. 
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ABSTRACT 
To generate a new genetically-encoded system to trace the connections in 
the nervous system, we took advantage of the molecular mechanism of Delta-
Notch signaling to design a pair of ligand and receptor. The design of the 
synthetic receptor includes Notch negative regulatory region (NRR) and 
transmembrane domain (TMD), where metalloproteases and γ-secretase 
proteolytically cleave after Delta-Notch binding. Once the synthetic receptor 
interacts with its ligand, anchored on a surface or expressed in cells, couple of 
sequentially proteolytic cleavages are triggered to release its intracellular 
fragment and to regulate the expression of the downstream reporter gene. 
However, we noticed that (1) most of the receptor proteins are retained inside the 
cell, and (2), without the ligand, the synthetic receptor by itself generates 
moderate ligand-independent background activity in the reporter cells. Both of 
these characteristics might impede the future application of this system in vivo. 
To improve this system, we tested several modifications in the NRR, the TMD or 
the intracellular transcription factor to reduce background and, at the same time, 
to improve cell surface expression. So far we have found two variants of the 
receptor that have relative low ligand-independent background, which are further 
used in Chapter 2 and 3.     
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INTRODUCTION 
Neuronal cells form a specialized type of cell-cell interaction, the synapse, 
which enables the transmission of information through brain circuits. There are 
few methods currently available to analyze cell-cell contacts, most of them 
designed to study interactions between neurons. As discussed at length in the 
previous session, the most commonly used methods are co-localization of 
fluorescent tags by light microscopy, serial electron microscopy (Denk and 
Horstmann, 2004), and GRASP (GFP Reconstitution Across SynaPses) 
(Feinberg  et  al.,  2008). While each of these methods has its strengths and 
weaknesses, none of these methods enable long-term genetic modifications of 
the interacting cells. We have developed a new genetically-encoded tool based 
on the molecular logic of Notch that can not only analyze cell-cell contacts but 
also allow for transcriptional regulation of cells based on contact.  
The Notch-Delta pathway controls cell fate during development through 
cell-cell interactions (Artavanis-Tsakonas and Muskavitch, 2010). Delta is one of 
the ligands for Notch receptors (other ligands in vertebrates are Jagged and 
Serrate) (Kopan and Ilagan, 2009). Previous works have demonstrated that the 
key element controlling the activation of the Notch receptor is the Notch 
regulatory region (NRR), a 200 aa fragment of the Notch extracellular domain 
(ECD) located immediately before the transmembrane domain (TMD) (Gordon et 
al., 2007). The NRR includes three LIN-12/Notch repeats (LNRs) followed by the 
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heterodimerization domains (HD). During the synthesis process of Notch 
proteins, their precursors in the Golgi are first proteolytically cleaved by a furin-
like convertase at the S1 site inside the HD. After the S1 cleavage, the two parts 
of Notch heterodimerize noncovalently to form a mature Notch protein 
(Blaumueller et al., 1997; Logeat et al., 1998).  The NRR is folded in such a way 
that, in the absence of Delta binding, a cleavage site (called S2) located between 
the TMD and S1 site is inaccessible to the action of ubiquitous metalloproteases 
such as Kuzbanian (in Drosophila) or TACE (Tumor necrosis factor--Converting 
Enzyme) in vertebrates (Tiyanont et al., 2011).  Upon Delta-Notch binding, it is 
hypothesized that the NRR partially unfolds, increasing the accessibility of the S2 
site and permitting cleavage by the metalloproteases (Gordon et al., 2015; 
Meloty-Kapella et al., 2012; Stephenson and Avis, 2012; Tiyanont et al., 2011). 
After S2 cleavage, a subsequent cleavage (called S3) by the ubiquitous 
metazoan γ-secretase complex occurs in the TMD, within the cell membrane 
(Brou et al., 2000) (Mumm et al., 2000). After S3 cleavage, the intracellular 
domain (ICD) of Notch loses its membrane anchorage and translocates to the 
nucleus where it regulates transcription of cell fate-related genes (Struhl and 
Adachi, 1998, 2000) (Fig. 2-1a and 2b).  
Previous experiments have demonstrated that the Notch receptor can be 
engineered by maintaining the ECD and TMD of the native Notch while replacing 
the ICD with artificial gene regulatory modules such as the transcriptional 
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activator Gal4 (Sprinzak et al., 2010; Struhl and Adachi, 2000) or the 
recombinase Cre (Vooijs et al., 2007). These experiments demonstrate that the 
molecular mechanism of the Delta-Notch system can be used to monitor cell-cell 
interactions. However, the Delta-Notch system cannot be used in animals without 
further modifications because it is highly conserved throughout the animal 
kingdom, and it is likely that there could be cross-talk between Notch and Delta 
ECDs from different species. Thus, exogenous expression of the native ECDs of 
Notch or Delta is problematic because it may severely perturb development due 
to dominant-negative effects of the engineered ligands and receptors. In addition, 
the potential interaction between endogenous Delta (plus Jagged and Serrate) 
and the native ECD of an engineered Notch receptor would lead to high 
background levels of signaling.  
In this chapter, we demonstrate that a synthetic receptor, which contains 
the NRR and TMD of Notch fused to an orthogonal ligand-binding domain and a 
transcription factor, is able to monitor contact among cells in culture when the 
ligand is present either on the surface of objects or on membranes of co-
incubated cells. However, the primary design of TRACT exhibited problems of 
ligand-independent activation. Therefore, we attempted to further optimize the 
receptor to improve its signal-to-noise ratio by modifying its NRR and TMD. We 
were able to design two modified receptors with reduced ligand-independent 
activation that maintain high fold-inducibility by ligand. These receptors were 
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implemented for use in vivo. 
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RESULTS   
Monitoring cell-cell interactions in vitro  
To develop a robust system that would allow for the monitoring of cell-cell 
interactions in animals we engineered an artificial receptor called 
SCAD/NRR/TMD/GV (SNTGV). This design for the artificial notch receptor is 
similar to those described recently (Gordon et al., 2015; Morsut et al., 2016). The 
SNTGV receptor retains the wild-type Notch NRR and TMD, but both the Notch 
EGF-like repeats and ICD have been replaced by a single-chain antibody domain 
(SCAD) (Kochenderfer et al., 2009) and the transcriptional regulator, Gal4VP16 
(GV), respectively (Fig. 2-1b). The SCAD recognizes the ECD of murine CD19 
(CD19), therefore functioning as a receptor for this antigen (2-1c). To 
preliminarily test this system, we generated stable CHO cell lines carrying both 
the UAS-Histone2B-mcitrine (H2Bmcit) reporter (Sprinzak et al., 2010; mcitrine is 
a YFP variant (Griesbeck et al., 2001)) and the SNTGV receptor (SNTGV/UAS-
H2Bmcit cells) by lentiviral transduction. First, to prove the induction triggered by 
the ligand-receptor binding is through the contacts between the neighboring cells, 
CD19 cells and SNTGV/UAS-H2Bmcit cells were co-cultured sparsely and 
allowed to expand. In this case, only the cells at the periphery of each clonal 
colony were able to make contacts with ligand-expressing cells in adjacent 
colonies. As expected, only the outer border cells adjacent to the CD19 colonies 
had robust induction of H2Bmcit expression. This result indicates that the 
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induction requires direct cell-cell contacts (Fig. 2-2).  
In the absence of CD19 (the ligand) positive cells, the SNTGV/UAS-
H2Bmcit cells had variable but moderate levels of H2Bmcit expression (in the 
remaining of this dissertation the ligand-independent cleavage of Notch will be 
referred as the ligand-independent background) (Fig 2-4a, top panel). To 
minimize the noise of the system, single cell SNTGV/UAS-H2Bmcit clones with 
negligible level of background H2Bmcit expression were isolated by 
fluorescence-activated cell sorting (FACS). A single cell clone line was selected 
to be used in the following experiments. When SNTGV/UAS-H2Bmcit cells from 
the single cell clone lines are co-cultured with emitter cells expressing CD19, 
there is robust induction of H2Bmcit expression, but no induction was observed 
when co-cultured with CD19 negative control cells (Fig. 2-3a). H2Bmcit 
expression can be detected as early as 12hrs after co-culture. After 48 hours, 
H2Bmcit expression peaks at 30-fold expression compared to uninduced controls 
(Fig. 2-3a). Importantly, co-culturing of SNTGV/UAS-H2Bmcit cells with CHO 
cells expressing rat Delta did not lead to H2Bmcit expression (data not shown), 
indicating that the activation of SNTGV requires binding to its ligand, CD19.  
It is hypothesized that the activation of Notch upon ligand binding involves 
a pulling force that exposes the NRR S2 site to metalloproteases (Gordon et al., 
2015; Meloty-Kapella et al., 2012; Nichols et al., 2007; Stephenson and Avis, 
2012). Consistent with previous works (Varnum-Finney et al., 2000) we have 
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observed that SNTGV can be activated by ligands presented on the cell surface 
(Fig. 2-3a) or attached to a plastic substrate (Fig. 2-3b). However, we did not 
observe SNTGV activation when the antibody recognizing SCAD was applied in 
soluble form to the culture medium (data not shown). These results suggest that 
the mere binding of ligand (CD19) to the receptor (SNTGV) is not sufficient to 
expose the NRR S2 site. In contrast, our results are consistent with a model in 
which NRR acts as a mechanosensor that is partially unfolded by tension 
generated by the binding of an immobilized ligand (cell- or substrate-bound) to its 
receptor (Kopan and Ilagan, 2009; Stephenson and Avis, 2012; Meloty-Kapella et 
al, 2012; Gordon et al; 2015). In addition, incubating cells with the 
metalloprotease inhibitors, batismastat, GM6001, and TAPI (which block the S2 
site cleavage (Brou et al., 2000; Mumm et al., 2000)), or with the γ-secretase 
inhibitor, DAPT (which blocks the S3 site cleavage (Brou et al., 2000; Mumm et 
al., 2000)), reduced or eliminated, respectively, the induction of H2Bmcit 
expression observed by mixing the “emitter” and “receiver” cells (Fig. 2-3c). 
These observations suggest that the activation of SNTGV by CD19 binding likely 
recapitulates the S2 and S3 cleavages that occur when Delta and Notch interact, 
as recently described (Gordon et al., 2015).  
 
Improving signal-noise ratio of SNTGV 
To further characterize SNTGV proteins, we first attempted to analyze the 
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protein products by western blot and immucytochemistry. However, SNTGV 
proteins could not be detected from virally transduced CHO cells or single cell 
clone lines by Western blot. Therefore, immunostaining in CHO cell lines against 
Gal4 DNA binding domain or VP16 was used to investigate SNTGV protein 
expression. Surprisingly, we found that SNTGV proteins are mostly accumulated 
in perinuclear region (Fig. 2-5b top panels). Since SNTGV protein appears to be 
at least in part retained inside the cells, very likely in the ER and Golgi,  we used 
the antibody against the extracellular component of SNTGV (SCAD) under non-
permeabilized condition to determine cell-surface expression. Under these 
conditions the antibodies are not able to penetrate the cells, and can only 
recognize antigens present on the outer surface. This surface staining show only 
weak expression of SNTGV on the plasma membrane of CHO cells (Fig. 2-4a left 
panel). In summary, the SNTGV protein seems to be transported to the cell 
surface inefficiently with the majority likely retained in the ER/Golgi. 
In optimizing TRACT, we came to recognize good membrane expression of 
the SNTGV protein as a key factor. Because the system is activated by the 
interaction of SNTGV and CD19 across two plasma membranes, the inducibility 
of the receptor is predicted to be limited to the number of SNTGV molecules 
present on the cell surface. Simply increasing the expression level of SNTGV 
transgene to make the system more sensitive is not an option as overexpression 
of the receptor leads to ligand-independent activation (data not shown). To 
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improve the capability of SNTGV to monitor cell-cell contacts, we focused on 
approaching two important issues, surface transportation and ligand-independent 
activity.   
Gordon el al., (2009) found that S1 cleavage plays different roles on the 
surface expression of Notch1 and Notch2. Deleting the loop containing the S1 
site, called S1 loop-out (S1LO) helps both Notch1 and Notch2 to resist the 
proteolytic process by Furin-like convertase without changing the NRR structures 
substantially. They also found that, in Notch1, S1LO modification decreases 
protein surface expression and ligand-dependent activity. In contrast, S1LO 
Notch2 has more efficient surface transportation and better ligand-induced 
activity.  To improve the surface expression of SNTGV, we first generated a new 
receptor construct by switching the original NRR and TMD of SNTGV from 
hNotch1 to the S1LO NRR and TMD of hNotch2 (hN2S1LO-SNTGV). The UAS-
H2Bmcit CHO cells expressing hN2S1LO-SNTGV has weaker mcitrine intensity 
compared with the ones expressing SNTGV, which indicates that hN2S1LO-
SNTGV might have low ligand-independent activity (Fig. 2-4a the middle panels). 
When the hN2S1LO-SNTGV/UAS-H2Bmcit cells were co-cultured with CD19 
cells, a significant induction of H2Bmcit expression was observed (Fig.2-4c the 
bottom panels). To verify whether this modification does help the receptor 
proteins transport to the cell surface, surface staining with the same antibody 
recognizing SCAD was performed for both SNTGV and hN2S1LO-SNTGV cells. 
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Surprisingly, we found that the surface expression of hN2S1LO-SNTGV was 
worse than the one of SNTGV (Fig. 2-5a the middle panel). The fact that 
hN2S1LO-SNTGV still has the inducibility (perhaps weaker) despite the poor 
surface expression indicates that TRACT only requires minute amounts of the 
receptor in the plasma membrane for activation.  
Several studies have shown that, in addition to the intracellular domains of 
membrane proteins, the properties of transmembrane domains, such as the 
charge and length, also play important roles in the sorting and transport across 
different subcellular compartments, which influence the subcellular localizations 
of membrane proteins (Sharpe et al., 2010; Singh and Mittal, 2016).  Moreover, 
our FACS data shows that the ligand-independent background in SNTGV/UAS-
H2Bmcit cells was reduced by TAPI and DAPT (data not shown), suggesting 
their involvement in the ligand-independent cleavage of the NRR and the TMD. 
To further attempt to improve the surface expression and to decrease the ligand-
independent activity of the synthetic receptor, we focused on modifying the TMD 
of SNTGV. Struhl and Adachi, 2000 have done elegant work to characterize the 
role of γ-secretase in Notch and other transmembrane proteins in Drosophila 
embryos. In their studies, the replacement of the Notch TMD by the TMD of 
sevenless (sev), another transmembrane proteins, results in lower ligand-
independent background when native ECDs of Notch was replaced by 
exogenous motifs such as multiples of Myc tags; meanwhile, full length Notch 
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with sev TMD is still capable to be activated by its ligand, Delta. Moreover, their 
results also show that the dimerization caused by the leucine zipper domain of 
GCN4 (LZ) and notch PEST domain (polypeptide enriched in proline, glutamate, 
serine and threonine, degradation signal) can reduce ligand-independent 
background. Therefore, we made the following new receptor constructs based on 
these findings (Table 2-1):  
(1) hN2S1LO-SNTsevGV: hNotch2 TMD of hN2S1LO-SNTGV was replaced by 
the sev TMD;  
(2) hN2S1LO-SNTGV-PEST: hNotch1 PEST domain was fused after Gal4VP16; 
(3) S(LZ)NTGV and (4) hN2S1LO-S(LZ)NTGV: the GCN4 LZ motif was inserted 
between the SCAD and the NRR of both SNTGV and hN2S1LO-SNTGV.  
in addition to the Sevenless TMD, we also tried the TMD domain from human 
CD4, which is known to be transported to the plasma membrane efficiently.  
(5) hN2S1LO-SNTCD4GV: the TMD of S1LO-SNTGV was replaced by the human 
CD4 TMD.  
Because the CD4 TMD has never been tested in Notch protein, it is crucial 
to consider the stability of the ICD fragment after S3 cleavage based on the N-
end rule, which mean that the half-lives of peptides are determined by the first 
amino acid of their N-terminal (Bachmair et al., 1986). For instance in 
mammalians, peptides which start with Val, Met and Gly have half-lives that 
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exceed 30hrs, but  the ones that end with Glu, Arg and Gln have half-lives that 
are only about 1hr (Gonda et al., 1989). Therefore, other receptor constructs 
were generated in which the CD4 TMD was either hybridized with hNotch2 TMD 
or substituted to more stable residues:  
(6) hN2S1LO-SNTCD4/N2GV: the last six amino acids of CD4 TMD C-terminal, 
GIFFCV, were substituted with the last six amino acids of hNotch2 TMD C-
terminal, LGVIMA, which are downstream of the S3 site;  
(7) hN2S1LO-SNTCD4IF-->GVGV: the last 5th and 4th a.a. of CD4 TMD, I and F, 
were substituted with G and V, respectively.  
For cells that express either hN2S1LO-SNTsevGV or hN2S1LO-SNTCD4GV, 
there is no background expression of H2Bmcit; however, H2Bmcit expression 
cannot be induced after co-culturing with mCD19+ cells. hN2S1LO-SNTGV-
PEST not only has very strong background activity, but also seems to 
accumulate inside the Golgi. For S(LZ)NTGV or hN2S1LO-S(LZ)NTGV, the 
S1LO with LZ has similar subcellular expression with original hN2S1LO-SNTGV, 
while S(LZ)NTGV has better cell surface expression. Expression pattern of 
S(LZ)NTGV after non-permeabilized immunostaining is stronger than that of 
SNTGV  (Fig. 2-5a right and 2-5b bottom panels). However, S(LZ)NTGV cause 
even higher background compared to SNTGV although they still have the ability 
to respond to ligand and induce more H2Bmcit expression (Fig. 2-4a the bottom 
panels and b). For the last three constructs, those chimeric proteins have similar 
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subcellular localization with hN2s1LO-SNTGV. The chimeric protein with CD4/N2 
TMD has comparable level of the background and inducibility to hN2s1LO-
SNTGV. The background of hN2S1LO-SNTCD4IF-->GVGV is lower than that of 
hN2s1LO-SNTGV; however, its inducibility is also weaker. In summary, the 
surface expression of SNTGV can only be improved when the LZ domain was 
present. However, none of the modifications led to better signal-noise ratio than 
SNTGV.   
To test whether Gal4VP16 influences the stability and internalization of 
SNTGV, we replaced the Gal4VP16 with other known GAL4-based transcription 
factors. It has been shown that many transcription factors are rapidly degraded 
by ubiquitin-mediated proteolysis to tightly regulate their functions. Salghetti et 
al., (2000) have reported a correlation between the activity and degradation 
signal of an acidic transcription activation domain (TAD). Because ubiquitination 
is the key step for membrane proteins to be internalized by endocytosis, we 
asked if the ubiquitination of Gal4VP16 could affect SNTGV stability or 
internalization. Therefore, we generated several new receptor constructs by 
swapping the VP16 with TADs of CTF and Gal4, based on the results in Salghetti 
et al., 2000. Compared with SNTGV, the receptors with the TAD of CTF or Gal4, 
ShNTGCTF or ShNTG4, respectively, both exhibited lower ligand-independent 
activities. Furthermore, when the CD19 cells were co-cultured with the cells 
expressing either one of these two receptors, cells with ShNTG4 showed a 
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higher level of the H2Bmcit induction than that with ShNTGCTF, albeit still lower 
than the original SNTGV (Fig. 2-6a). ShNTG4 in HEK293T cells mostly 
colocalized with ER and Golgi markers, calreticulin and formimidoyltransferase-
cyclodeaminase (FTCD), respectively, but not with the lysosome markers, Lamp-
1 (Fig. 2-6b). Therefore, the reduction of ligand-independent activity in ShNTG4 
might merely result from the weaker transcription activity of Gal4 TAD than VP16. 
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DISCUSSION 
Cell-cell   contacts   are   fundamental   to   the   development   and   
function   of   multicellular organisms.  Cell-cell interactions  are  critical,  for  
example,  for  the  specification  of  embryonic tissues,  the  maintenance  of  
stem  cell  niches,  and  cell  migration.  In addition, abnormal cell-cell 
interactions are fundamental to  the  pathogenesis  of  several  diseases,  most  
notably,  to the  escape  of metastatic cells from tumors (Wang et al., 2005). Our 
experiments demonstrate that it is possible to take advantage of the molecular 
logic of the Notch pathway to transcriptionally record cell-cell interactions, without 
incurring the risks associated with using the native ECDs of Delta or Notch in 
animals. This new system, TRACT, can monitor cell-cell contacts when the 
ligand is expressed in cells or detect the ligand presented on artificial surfaces.  
A few elegant studies with similar designs have been published while we 
were developing TRACT (Gordon et al., 2015; Morsut et al., 2016; Roybal et al., 
2016). These publications have shown the potential of similar systems to monitor 
cell-cell interactions in vitro. The synthetic receptor in this type of system has 
been adopted for variety of combinations, which provides a range of flexibility to 
study a complex biological network by multiple layers of signaling regulations of 
these system. First, the ligands and its corresponding binding motifs have been 
switched to different protein combinations, including GFP/anti-GFP nanobody, 
cancer endogenous antigen HER2 or mesothelin /anti-HER2 or mesothelin 
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SCAD, the FK506 binding protein (FKBP)/the FRB domain of mTor, anti-Myc 
antibody/Myc epitope. It is important to notice that, in most cases, SCAD was 
used in the receptor part. We have previously swapped SCAD and CD19 to the 
ligand and the receptor, respectively. Unexpectedly, the receptor carrying CD19, 
instead of SCAD, generates very strong ligand-independent background, and no 
detectable inducibility once co-cultured with the cells expressing SCAD 
transmembrane proteins. This might imply that somehow the extracellular ligand 
binding domain is also important for TRACT to function normally. Second, the 
intracellular transcription factors can also be switched with other binary 
transcription systems, such as LexA, QF, tetA, split Gal4, or KRAB repressor. 
Third, instead of fluorescent proteins, the released transcription factors can 
activate the expression of the ligands of TRACT, endogenous transcription 
factors, cytokines and antibodies. These modifications provide useful tools to 
investigate the Notch molecular mechanism, to bioengineer immune cells to 
precisely target tumor cells and program the differentiation to specific cell types.  
In the future, we anticipate that, to control cell fate or function, these 
systems including TRACT could be used to delete or knock-down genes through 
nuclear translocation of recombinases in the receptor ICD such as cre, flp, or 
inducing the expression of downsteam RNAi. Furthermore, this synthetic genetic 
system will be useful to investigate cell-cell interactions during development in 
vivo, to investigate the dynamics of cancer invasion during metastasis, to 
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engineer artificial tissues in vitro (Sasai, 2013), and to unveil wiring diagrams of 
neurons in brain circuits.  
Although all these in vitro studies using systems similar to our design show 
wonderful results with low signal-noise ratio of the receptors, after testing one of 
those receptors in the UAS-H2BmCit CHO cells, Antuca Callejas, a graduate 
student in Dr. Lois lab, found this receptor provided very strong ligand-
independent background (Antuca Callejas unpublished data). It indicates that the 
background expression of the reporter genes is the combination of the ligand-
independent activity of the receptors and the sensitivity of the reporter cells that 
were used.  
Several possible problems on this synthetic receptor could lead the ligand-
independent background activity. First, several mutations associated with 
leukemia in the notch heterodimerization domains have been identified (Grabher 
et al., 2006; Malecki et al., 2006). The studies have shown that those mutations 
generate unstable heterodimerization of Notch on plasma membrane, which lead 
to ligand-independent activity of Notch signaling pathway.  Perhaps part of the 
synthetic SNTGV protein is misfolded, and failed to form proper 
heterodimerization after S1 cleavage. Therefore, it causes the synthetic SNTGV 
susceptible to metalloprotease. Second, it has been shown that the ligand-
independent activity can also occur in wildtype Notch proteins, which is caused 
by the endocytosis of Notch proteins from plasma membrane (Palmer and Deng, 
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2015). Once Notch is internalized through endocytosis, it will either be recycled 
back to the plasma membrane or be transported to the lysosomes. In the 
lysosomes the Notch ECD will be shredded by lysosomal protease, which 
triggers the following γ-secretase cleavage and release of the ICD. 
The ligand-independent activity and inefficient cell surface expression of 
the receptors may limit the possible application of TRACT. If TRACT is used to 
induce genetic factors, such as mutant proteins or RNAi, to modify the functions 
or cell fates of the contacting cells, the ligand-independent background might 
cause ectopic effects. Another reason that the ligand-independent background of 
SNTGV might impede the future application in vivo is due to the difficulty of 
screening and identifying individuals with low ligand-independent background. 
Moreover, as opposed to in vitro, it may be more complicated to balance the 
signal-noise ratio in vivo for several reasons. First, it’s difficult to maintain the 
expression of the receptor at the same level by promoters across different cell 
types of interest to keep the amount of free receptor ICD is always below the 
threshold of the induction of the response gene expressions. Although more and 
more cell type specific promoters are available now, the expression level driven 
by a given promoter may differ across cell types. Moreover, the promoter activity 
might be not homogenous in all the positive cells or throughout different 
developmental stages. Therefore, this receptor with high ligand-independent 
activity might work properly with one promoter, but might fail if switched to a 
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stronger promoter. Second, the sensitivity of the response cassettes might vary 
between tissues or cell types caused by the chromatin effects of the insertion site 
in genomes. Therefore, it is possible that the background expression of the 
response genes occur in one cell type, but not another, even though they both 
have comparable levels of the receptor expression. Finally, the cell properties of 
different cell types might also change the ligand-independent activity of the 
receptors, such as the protease activities or the endocytosis rate in cells. 
Although our counter-staining does not show that SNTGV and the lysosome 
marker, Lamp1, co-localize, this does not rule out the possibility that some 
portion of SNTGV protein gets directed to lysosomes for degradation. SNTGV in 
the lysosome might be degraded too rapidly to be detected by immunostaining. 
Therefore, a more sophisticated experiment with the inhibition of lysosomal 
enzymes should be tested. 
To improve the signal-noise ratio of the TRACT, we have managed to 
increase the surface expression level of SNTGV on plasma membrane and 
reduce its ligand-independent activity. However, after testing several 
modifications in the NRR and the TMD of SNTGV, none of them provided a 
significant improvement to the signal-noise ratio. S1LO NRR of hNotch2 impedes 
the transportation of the receptor proteins to the cell surface although this 
modification seems to reduce the ligand-independent background. Moreover, 
putting the PEST domain of Notch at the C-terminal of h2S1LO-SNTGV 
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increases the background while replacing the Notch2 TMD with the ones from 
other type I transmembrane proteins, including the CD4/hNotch1 hybrid TMD, 
decreases the inducibility while the ligand is present. In contrast, forcing SNTGV 
to dimerize by adding the LZ motif from GCN4 helps the receptor to be 
transported to the cell surface. However, this modification also increases the 
ligand-independent background. Recently Antuca Callejas in Dr. Lois lab has 
continued testing different modifications to reduce the ligand-independent 
background based on ShNTG4 (Antuca Callejas unpublish data).  First, 
according to the study, which suggests that transmembrane proteins with a long 
TMD tend to locate on plasma membrane (Sharpe et al., 2010; Singh and Mittal, 
2016), they had tested different length (24 and 28 residuals of amino acids) of 
the TMD as well as CD4/hN1 hybrid TMD on ShNTG4. Only ShNTG4 with 
CD4/hN1 hybrid TMD (SNTCD4/hN1G4) provides low ligand independent 
background and still can induce the downstream reporter gene expression. 
Second, Morsut et al., (2016) claimed that including extra EGF repeats before 
the NRR in synNotch receptor can help to reduce its ligand-independent activity. 
My colleague has also tested several new ShNTG4 receptor with different length 
of most C-terminal EGF-like repeats (30th-36th, 33rd-36th and 36th only) in front 
of the NRR.  Only the one having only 36th EGF-like repeats showed good level 
of inducibility, but still weaker compared to SNTGV. Finally, Antuca also tested a 
receptor with the NRR and the TMD of human Notch2. Several studies suggest 
the human Notch2 NRR is resistant to the mutations that cause constitutive 
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activation of Notch1. Moreover, more force is required to open human Notch2 
NRR than to open human Notch1 NRR (Stephenson and Avis, 2015). Those 
results indicate that the structure of human Notch 2 NRR is more stable than 
human Notch 1 NRR. However, ShNTG4 with human Notch2 NRR generates 
even stronger ligand-independent background compared with the original 
ShNTG4. In summary, none of the receptors we tested has good surface 
expression with low ligand-independent activity and strong induction. It indicates 
that the ligand-independent activity of SNTGV or ShNTG4 might be a 
complicated issue with complex regulation of its processing, transport and 
activity. Although we are continuing to test additional receptor modifications, we 
chose ShNTG4 and SNTCD4/hN1G4, which have low background and good 
inducibility, to generate transgenic flies to test our system in vivo.  These 
experiments are described in the next two chapters.  
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MATERIALS AND METHODS:   
Generation of genetic constructs and production of viral particles. SNTGV 
was constructed by fusing a single chain antibody (SCAD) that recognizes the 
mouse CD19, the NRR and TMD from human notch1, and Gal4VP16. The SCAD 
included amino acids 1-289 from the monoclonal 1D3-28z.1-3 (Kochenderfer et 
al., 2009). The NRR domain and TMD comprised amino acid 1446-1880 of 
human Notch-1. Gal4VP16 was then fused after the notch1 TMD, and the entire 
SNTGV was subcloned into the FUW lentiviral backbone (Lois et al., 2002), FU-
SNTGV-W.  
Lentiviral particles encoding SNTGV were generated as previously described 
(Lois et al., 2002). For generating retroviral particles expressing mouse CD19, 
the MSGV-CD19 plasmid (Kochenderfer et al., 2009) was co-transfected with 
pCL-Eco and VSVg as previously described (Lin et al., 2010).  
Different modifications on SNTGV to improve TRACT function are listed in the 
followings: 
- hN2S1LO-SNTGV: S1LO NRR of hN2 was generated by PCR from s1-LO 
N1/N2 construct, which generally gifted from Dr. Blacklow. The PCR fragment 
including the hN2S1LO was, then, subcloned into FU-SNTGV-W digested by 
BamHI and RsrII.  
- S(LZ)NTGV and hN2S1LO-S(LZ)NTGV: the GCN4 LZ motif was generated by 
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PCR from pUC57-GCN. The PCR fragment was subcloned into either FU-
SNTGV-W or FU-hN2S1LO-SNTGV-W digested by BamHI.  
- hN2S1LO-SNTGV-PEST: the GAL4DBD and PEST domain of hN1 (including 
transcription activation domain) were generated by PCR from FU-hN2S1LO-
SNTGV-W and the original s1LO-N2/N1 constructs, respectively. FU-hN2S1LO-
SNTGV-W was digested by RsrII and AscI. Two PCR fragments and the digested 
vector were ligated by Gibson Assembly® Cloning Kit (NEB). 
-hN2S1LO-SNTCD4GV or hN2S1LO-SNTsevGV: hN2S1LO-SNTGV was PCRed 
by the reverse primer containing CD4 TMD or sev TMD sequence and the linker 
to generate the fragment of hN2S1LO-CD4TMD or hN2S1LO-sevTMD. These 
fragments were subcloned into FU-hN2S1LO-SNTGV-W digested by BamHI and 
RsrII by Gibson Assembly® Cloning Kit. 
-hN2S1LO-SNTCD4IF-->GVGV or hN2S1LO-SNTCD4/N2GV: hN2S1LO-SNTGV was 
amplified by the reverse primer containing CD4 TMD with sequences to 
substitute the amino acid residues and the linker to generate the fragment of 
hN2S1LO-CD4/hN2TMD or hN2S1LO-CD4TMDCD4IF-->GV. These fragments were 
subcloned into FU-hN2S1LO-SNTGV-W digested by BamHI and RsrII by Gibson 
Assembly® Cloning Kit. 
- ShNTGCTF and ShNTG4: The fragment containing SCAD was generated by 
PCR from FU-hN2S1LO-SNTGV-W; the hN1NRR was generated by PCR from 
FU-SNTGV-W with the reverse primer having the hN1NRR sequence directly 
after SCAD. The fragments carrying hN1TMD and Gal4VP16, Gal4esn or 
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Gal4CTF were generated by PCR from FU-SNTGV-W, G4CTF, or hNECD-
G4esn, respectively, with the reverse primer having the hN1TMD sequence.  
These three fragments, SCAD, hN1NRR and hN1TMD with different transcription 
factors, were ligated together with the FUW vector digested by XbaI/AscI by 
Gibson Assembly® Cloning Kit. 
Generation of stable cell lines. The UAS-H2B-citrine reporter CHO cell line 
was kindly provided by Dr. Elowitz (Caltech). Citrine is a variant of YFP, and we 
will refer to this reporter as UAS-H2Bmcit. UAS-H2Bmcit cells were grown as 
described previously (Sprinzak et al., 2010). To stably express SNTGV, UAS-
H2Bmcit cells were infected with a SNTGV lentivirus. SNTGV/UAS-H2Bmcit cells 
were sorted into single cells in a 96 well plate to generate clonal cell lines. 
Clones with low fluorescence background and high inducibility were chosen for 
further experiments. To generate stable lines of control emitter cells, CHO cells 
were first infected by retrovirus expressing mcherry fluorescent protein, and 
grown in bulk. Control CHO cells are defined as “mcherry+ cells”. To generate 
stable lines expressing mouse CD19, control mcherry+ cells were infected with a 
retrovirus expressing CD19 and grown in bulk. Emitter CHO cells expressing 
CD19 are defined as “CD19/mcherry+ cells”.   
Induction of SGNTV by coculture with CD19 cells. SNTGV/H2Bmcit cells 
were co-cultured with CD19+/mcherry+ cells at 1:1 ratio in 24-well plates. Cells 
were incubated with the S3 inhibitor, DAPT (10µM), for 30 hrs to synchronize the 
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timing of induction, and collected at 12, 24 and 48 hours after removal of DAPT.  
Western blot: Cells were lysed for 5 minutes at room temperature in a lysis buffer 
(25 mM Tris-HCl [pH 7.6], 150 mM sodium chloride, 1% sodium deoxycholate, 
1% Nonidet P-40, 0.1% sodium dodecyl sulfate [SDS]), supplemented with a 
protease inhibitor cocktail (Roche). Cellular extracts were boiled for 5 minutes 
and centrifuged at 14,000 rpm for 5 minutes. Equal protein amounts were 
subjected to SDS-polyacrylamide gel electrophoresis and transferred to nylon 
membranes. The membranes were incubated for 1hr in blocking buffer  
(3% dry skin milk in tris-buffered saline, TBST), incubated for 2 hrs with a rabbit 
anti-GFP antibody (Millipore, 1:750 dilution in blocking buffer), washed three 
times for 10 minutes in TBST buffer, incubated for 2 hrs with a peroxidase 
conjugated goat anti- rabbit IgG antibody (1:2000 dilution in BB), and washed 
three times for 10 min in TBST buffer. Protein expression was detected by 
chemiluminescence autoradiography. Blotting membranes were stripped and 
processed for β-tubulin as a loading control (Sigma, mouse anti- β-tubulin 1:2000 
dilution). Incubations and washes were all performed at room temperature.  
Flow cytometry analysis. Co-cultured cells were trypsinized from the plate, 
diluted in PBS, fixed in 4% PFA, and analyzed for FITC and mcherry 
fluorescence using a BD LSR II flow cytometer with standard protocols. Relative 
total fluorescence intensity in Q3 (bottom right quadrant) was quantified by 
multiplying percentage of cells with mean FITC fluorescence intensity in Q3.  
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S2 and S3 inhibitors: For inhibitor treatment, batimastat (BB94, 50µM), GM6001 
(50µM), TAPI (100µM) and DAPT (10µM) were added into growth medium when 
co-cultured cells were plated. Co-cultured cells were collected at 48 hours after 
the cells were plated.  
Induction by substrate-attached ligand on ELISA plates and image 
analysis. Rabbit anti-rat IgG F(ab’)2 (312-005-047, Jackson ImmunoResearch) 
and anti-goat IgG (BA-5000, Vector Labs) antibodies were diluted at different 
concentrations in PBS. Diluted antibodies were used to coat 96-well ELISA 
plates (442404, Thermo Scientific) at 4°C overnight. Next day the ELISA plates 
were gently washed by PBS, 10mg/ml BSA was added to block the plates at 
37°C for 1hr, and SNTGV/UAS-H2Bmcit cells (2 × 104) were then plated. 
Photographs were taken under an inverted fluorescence microscope with 10× 
objective lenses. Integrated density of each photograph was analyzed by 
ImageJ.  
Statistical significance was determined using a two-tailed unpaired test (t-
test). Data are shown as mean ± s.e.m. In all cases, 3 replicates of the 
experiments were analyzed (n=3).     
Cell surface and regular immunostaining. The cell for immunostaining were 
first seeded on coverslip glasses that pre-coated by poly-D-lysine in water for 
24hrs before the seeding in 37c incubator. For cell surface staining, the cells 
were first pre-treated with dynasore (100um, sigma) for 30mins in the incubator 
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to block the endocytosis. The cells, then, were washed by the surface staining 
buffer (1xPBS with 2% fetal brovine serum (FBS), 0.1% sodium azide and 
dynasore) for 5mins on ice. After the wash, the cells were incubated with the 
primary antibody, rabbit anti-rat IgG F(ab’)2 (1:10 dilution in the surface staining 
buffer, 312-005-047 Jackson ImmunoResearch) for 45mins on ice. The cells 
were wash by surface staining buffer three times and 5mins each time on ice 
after the antibody incubation. The cells were incubated with the secondary 
antibody, goat anti -rabbit Alexa555, (1:750 dilution) for 45 mins on ice. After this, 
the cells were washed three times again. After the cell surface staining, the cells 
were fixed by 4% paraformaldehyde for 10 mins in RT, and followed by the 
regular immunostaining procedures. For the regular immunostaining, after 
fixation, the cells were first permeabilized by 0.1% triton X-100 in 1xPBS (PBST) 
for 10mins and blocked with the blocking solution (1% FBS in PBST) for 30mins. 
The cells were, then, incubated with primary antibodies (1:500 dilution in the 
blocking solution for mouse anti-VP16 1-21, sc-7545 Santa Cruz Biotechnology; 
1:300 mouse anti-GAL4DBD RK5C1, sc-510 Santa Cruz Biotechnology; 1:300 
dilution rabbit anti-CALR, LS-B9387 LSBio; 1:100 dilution rabbit anti-LAMP1 H-
228, sc-5570 Santa Cruz Biotechnology; 1:300 dilution mouse anti-FTCD 58K-9, 
LS-C143027 LSBio)  
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FIGURES 
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FIGURE 2-1. A synthetic genetic system to record cell-cell contacts and 
manipulate interacting cells  
(a) Molecular mechanism of Delta-Notch signaling. Upon ligand (Delta) binding, 
the NRR domain of the Notch receptor is partially unfolded, exposing the S2 site. 
Thereafter, it is sequentially cleaved, first in NRR (S2 site) and then in TMD (S3 
site). After TMD cleavage, the ICD moves into the nucleus and activates 
transcription. (b) Diagram depicting the domains of Notch and the engineered 
receptor, SNTGV. (c) SNTGV activation uses the molecular mechanism of the 
Delta-Notch signaling pathway. Upon CD19 binding, SNTGV is cleaved both in 
the NRR and TMD, and, then, GAL4VP16 moves into the nucleus of the receiver 
cell to activate transcription of UAS- dependent genes, such as GFP, in this 
example.  
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FIGURE 2-2. The induction of the reporter gene expression by TRACT to 
monitor cell-cell contacts in CHO cells.  
Two examples (top and bottom panels) of the images from sparsely co-culturing 
of CD19 cells (red cells in the left panel) and SNTGV/UAS-H2Bmcit cells are 
shown in this figure. In the middle panel, only the cells of the SNTGV/UAS-
H2BmCit colonies, which were close to and made contacts with the CD19 
colonies, had H2Bmcit expression increase, but not the cells far from the CD19 
colonies. The stippled lines mark the boundaries between CD19 cell colonies and 
SNTGV/UAS-H2Bmcit cell colonies. 
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FIGURE 2-3. Induction of reporter gene expression in vitro by cell-cell and 
cell-substrate interaction.   
(a) Induction of nuclear YFP expression (from a UAS-H2Bmcitrine (UAS-
H2Bmcit) reporter cassette) at different time points after co-culturing 
SNTGV/UAS-H2Bmcit cells with CD19+/mcherry+ cells. Top left: microscopy 
images showing H2Bmcit expression. Top right: Western blot analysis of 
H2Bmcit expression induced by co-culturing emitter and receiver cells. Bottom 
left: FACS plots showing the increase in H2Bmcit expression (X-axis) in 
SNTGV/UAS-H2Bmcit cells in bottom right quadrant. Y-axis shows the intensity 
of red fluorescent protein in CHO cells. CD19+/mcherry+ emitter cells are located 
in the top left quadrant. Bottom right: Quantification of the relative H2Bmcit 
fluorescence intensity (bottom right quadrant) from the FACS analysis. Induction 
at 12 versus 0 hours: 4.6 fold (p<0.0001), 48 versus 0 hrs = 20.9 fold (p<0.0001). 
(b) Immobilized ligand activates SNGTV signaling. Top left: Anti-rat IgG F(ab’)2 
antibody (which binds to SCAD) attached to plastic induces H2Bmcit expression 
in SNTGV/UAS-H2Bmcit cells. Bottom left: Plastic-attached control antibody 
(which does not binds to SCAD) does not activate SNTGV signaling. Right: 
Quantification of induction of H2Bmcit expression of SNGTV/UAS-H2Bmcit cells 
by immobilized Anti-rat IgG F(ab’)2. Induction fold of anti-rat (positive ligand) 
versus anti-goat (negative control) antibodies: 1.25 µg/ml= 11.5 fold (p<0.005), 
2.5 µg/ml= 38.3 fold (p<0.0001), 5 µg/ml= 34.6 fold (p<0.0001), 10 µg/ml= 29.8 
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fold (p<0.0001 ) (c) The induction of SNGTV by its ligand (CD19) requires 
metalloprotease and γ-secretase. Left: FACS analysis plots showing the effects 
of metalloprotease (batismastat, GM6001 and TAPI) and γ-secretase (DAPT) 
inhibitors on H2Bmcit induction by interaction between SNTGV/UAS-H2Bmcit 
and CD19+/mcherry+ cells. The condition “DMSO (CD19–)” illustrates the lack of 
H2Bmcit expression when co-culturing SNTGV/UAS-H2Bmcit cells with control 
mcherry+ (CD19 negative) cells. All the other conditions include SNTGV/UAS-
H2Bmcit and CD19+/mcherry+ cells. Right: Quantification of the relative 
fluorescence intensity from the FACS analysis shown on left. The values of the 
experimental conditions are normalized to the control “DMSO (CD19–)”. 
Batismastat versus DMSO: 3.86 fold reduction, p<0.0001, GM6001 versus 
DMSO: 3.1 fold reduction (p<0.0001), TAPI versus DMSO: 6.25 fold reduction 
(p<0.0001), DAPT versus DMSO: 50 fold reduction (p<0.0001).  
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FIGURE 2-4. The ligand-independent background generated from different 
receptors and their capabilities to induce the reporter gene expression by 
cell-cell interaction. 
(a) To show the ligand-independent background from SNTGV (the top panel), 
hN2S1LO-SNTGV (the middle panel) and S(LZ)NTGV (the bottom panel), three 
different lentiviruses encoding these receptor proteins were sparsely transduced 
into UAS-H2Bmcit CHO cells with a similar viral particle concentration.  By 
immunostaining against VP16 (the middle panel) to reveal the receptor positive 
cells, it clearly shows that around half of the SNTGV cells have detectable 
H2Bmcit intensities (top left) while most of the hN2S1LO-SNTGV cells do not 
(middle left). In contrast, most of the S(LZ)NTGV cells have relatively strong 
ligand-independent background (bottom left). The right panels show merged 
images of VP16 (red), H2Bmcit (green). (b and c) The capabilities of S(LN)NTGV 
(b) and hN2S1LO-SNTGV (c) are compared to the one of SNTGV side by side 
when they were co-cultured with either the CD19 negative control cells (the left 
panel) or the CD19 positive emitter cells (the right panel). In (b), both SNTGV 
and S(LZ)NTGV are capable of inducing H2Bmcit expression increase when the 
emitter cells are present (comparing the right to the left panel). The overall 
intensity of S(LN)TGV after the induction seems higher than the one of SNTGV, 
but it might be due to the higher basal level of the ligand-independent ground.  In 
(c), it also shows that the expression level of H2Bmcit can be induced by the 
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trans-interaction of CD19 and  hN2S1LO-SNTGV (comparing the bottom right to 
the bottom left). However, the inductions from hN2S1LO-SNTGV are relative 
weaker than from SNTGV. 
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FIGURE 2-5. The cell surface expression of different receptors in CHO cells.  
(a) To detect the cell surface expression of SNTGV (right), hN2S1LO-SNTGV 
(middle) and S(LZ)NTGV (left), the immunostaining was performed under the 
non-permeabilized condition (without detergent) by using the antibody against 
SCAD (Anti-rat IgG F(ab’)2). SNTGV shows moderate level of surface 
expression compared to hN2S1LO-SNTGV and S(LZ)NTGV. In hN2S1LO-
SNTGV, the signal of the surface expression is hardly to be observed while 
S(LZ)NTGV provide the strongest surface expression among these three 
receptors. (b) To carefully characterize the cell surface expression between 
SNTGV (top panel) and S(LZ)NTGV (bottom panel), the surface immunostaining 
samples were imaged by confocal microscope, and the images from single 
optical sections are shown here. In addition, to compare the total expression of 
the receptor proteins, the surface immunostaining (the second panel from the 
left) was followed by the regular immunostaining against VP16 under 
permeabilized condition. In the results of VP16 immunostaining,S(LZ)NTGV 
(bottom) in the cells is homogeneously localized throughout the cytosol to the 
plasma membrane while SNTGV (top) is retained close to the nucleus. Although 
the total expression levels (the third panel from the left) of SNTGV and 
S(LZ)NTGV are comparable, the surface expression signal of SNTGV (top 
second) is much weaker or barely detectable than the one of S(LN)NTGV 
(bottom second). In the merged images (rightest panels), the H2Bmcit signals 
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show in green; the surface staining signals in red; and VP16 signals in blue.     
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FIGURE 2-6. Induction of reporter gene expression in CHO cells by cell-cell 
interaction through ShNTG4 and the subcellular localizations of ShNTG4 in 
HEK293 cells. 
(a) When CD19 is not present, ShNTG4 has merely detectable ligand-
independent background (top central). Once the ShNTG4 cells were co-cultured 
with the CD19+ cells, the expression level of H2Bmcit was dramatically increased 
(bottom central). The CD19- and CD19+ cells co-express mcherry fluorescent 
proteins to be visualized (the left panel). (b) The ShNTG4 HEK293 cells were co-
immunostained with GAL4 DNA binding domain (green in the left panel) and 
other cellular organelle markers, CALR for the ER (top central), FTCD for the 
Golgi (middle central) and LAMP1 for the lysosomes (bottom central). The arrows 
indicate the positive signals of the organelle markers. In top and middle panels, 
ShNTG4 is mostly co-localized with CALR (top panel) and TFCD signals (middle 
panel). However, ShNTG4 is not co-localized with LAMP1 (bottom panel).  
 
 
         
  
  
  
80	
	
	
Table 2-1. The list of the modified receptor constructs and the summary of 
their ligand-independent backgrounds and inducibilities 
  Modified domain ligand-independent   
background 
inducibility 
SNTGV  ++ Y 
hN2S1LO-
SNTGV 
NRR and TMD + Y 
hN2S1LO-
SNTsevGV 
TMD - N 
hN2S1LO-
SNTGV-PEST 
ICD +++ ND 
S(LZ)NTGV ECD +++ Y 
hN2S1LO-
S(LZ)NTGV 
ECD +++ ND 
hN2S1LO-
SNTCD4GV 
TMD - N 
hN2S1LO-
SNTCD4/N2GV 
TMD + Y (weak) 
hN2S1LO-
SNTCD4IF-->GVGV 
TMD + Y (weak) 
ShNTGCTF Transcription 
factor 
- Y (weak) 
ShNTG4 Transcription 
factor 
+ Y 
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Chapter 3 - Application of TRACT to investigate interactions between 
neurons and glia in the Drosophila nervous system 
 
 
 
 
 
 
 
This Chapter was adapted from Ting-Hao Huang’s publication  
Monitoring cell-cell contacts in vivo in transgenic animals. 
Ting-Hao Huang, Tarciso Velho, Carlos, Lois. Development. 2016 Nov 1;143(21): 
4073-4084. 
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ABSTRACT 
Neurons and glial cells are the two major types of cells in nervous system. 
Several evidence have demonstrated that glial cells play important roles in 
regulating neuronal functions and animal behaviors. However, a powerful genetic 
tool is still required to facilitate the research on glial cells. We, therefore, applied 
our system, TRACT, in Drosophila to monitor the contacts between neurons and 
glial cells. First, when the ligand was expressed in different types of glial cells 
with pan-neuronally expressed receptor, we observed different populations of 
neurons labeled in the larval central nervous system. It indicates that TRACT is 
capable to detect the contacts between neurons and glial cells. We further used 
TRACT to selectively label a group of astrocytes depending on their contacts with 
ligand positive neurons. From these results, we found astrocytes contacting the 
OSN axon terminals are stereotypically located at certain regions near the 
antennal lobes, and some of them occasionally infiltrate into other brain regions 
as well. Moreover, we also noticed that their cell body sizes are slightly smaller 
than those of astrocytes interacting with mushroom body Kenyon cells. 
Therefore, TRACT provides a reliable tool to spatially and consistently target a 
given group of glial cells, even if there is no specific promoter or driver available. 
We anticipate that, in the future, it can be used to manipulate glial cells 
genetically to further study their roles in regulating neural circuits. 
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INTRODUCTION 
In Chapter II and the publications from other groups, many variations of the 
Notch-Delta mechanism have been used to genetically modify interacting cells 
(Gordon et al. 2015; Morsut et al. 2016; Roybal et al. 2016). This strategy has 
been used in vitro to investigate the mechanism of Notch-Delta signaling, to 
recognize tumors by T cells and engineer cell interactions between cultured cells 
(Gordon et al. 2015; Morsut et al. 2016; Roybal et al. 2016). However, it remains 
to be shown whether ligand-induced intramembrane proteolysis can be used to 
monitor cell-cell interactions in vivo.   
The nervous system is composed of two main types of cells, neurons and 
glial cells. Glial cells are abundant in the nervous system, and were originally 
thought as supporting cells for neurons. However, more and more evidence has 
shown that the communication between neurons and glial cells plays an 
important role in the development and functions of the nervous system, including 
brain-blood barrier, myelination, nutrient support, neurite outgrowth guidance, 
synaptic formation and plasticity, and cell debris and neurotransmitter clearance 
(Banerjee and Bhat, 2007; Clarke and Barres, 2013; Fields, 2015; Freeman, 
2015; Kriegstein and Alvarez-Buylla, 2009; Oland and Tolbert, 2011; Volterra et 
al., 2014). Many of these functions depend on the interactions between the glial 
and neuronal membranes. Moreover, malfunction of glial cells has also been 
linked to several neural diseases (Jacobs and Doering, 2010; Lioy et al., 2011; 
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Prinz and Priller, 2014). 
Understanding the development and function of the brain will require the 
ability to monitor, and eventually modify, the interactions between neurons and 
glia. There are several different glial cell types in the Drosophila CNS, including 
surface glia (perineural and subperineural glia), cortex glia, and neuropil glia 
(ensheathing glia and astrocytes). Each of these glial types have characteristic 
morphologies and functions, which are similar to the mammalian glial cells. In 
addition, they also interact with neurons in different ways. Surface glia form two 
layers of sheath, which are similar to the vertebrate blood-brain barrier, with the 
glia on the surface of the CNS to insulate it from the hemolymph (Edwards and 
Meinertzhagen, 2010; Freeman, 2015; Stork et al., 2012). The outer layer is 
composed of perineural glia, in which Volkenhoff et al., (2015) found an active 
sugar transporter expressed to provide the energy resource to the CNS. The 
inner layer of subperineural glia, tightly contacting each other by septate 
junctions, are thought to participate as the major insulator in the blood-brain 
barrier, and only have limited contact with neurons (Edwards and Meinertzhagen, 
2010). In contrast with the surface glia, cortex glia and neuropil glia are highly 
associated with neurons. Cortex glia surround and make contact with neuron cell 
bodies. Each cortex glia can ensheath multiple neuron cell bodies, and are 
thought to provide the nutrients and support to neurons (Edwards and 
Meinertzhagen, 2010; Freeman, 2015; Stork et al., 2012). Ensheathing glia are 
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wrapping the neuropils to provide the structural boundaries between neuropils 
(Edwards and Meinertzhagen, 2010; Freeman, 2015; Stork et al., 2012). 
Ensheathing glia can also respond to axonal injury and clean up the debris of the 
injured axons by phagocytosis (Doherty et al., 2009).  Drosophila astrocytes have 
extensive membrane-membrane contact with neurons as the highly branched 
astrocyte processes infiltrate into the synaptic neuropils and interact with 
synapses in the so-called “tri-partite synapse” (Edwards and Meinertzhagen, 
2010). One of the important functions of Drosophila astrocytes is to clear the 
neurotransmitter by the transporters from the synaptic clefts to avoid the 
prolonged effects (Edwards and Meinertzhagen, 2010; Freeman, 2015; Stork et 
al., 2012). Recently, several studies in Drosophila also found that calcium 
signaling or activity in astrocytes might be involved in regulating synaptic 
functions (Liu et al., 2014; Ng et al., 2011). Moreover, Drosophila astrocytes also 
play important roles in pruning the neurites and synaptic formation during the 
metamorphosis stage, especially in the olfactory circuit (Hakim et al., 2014).   
Although several drivers and tools in Drosophila, like flip-out or MARCM 
(Lee and Luo, 2001), are available to characterize the morphologies or functions 
of different glia types, none of them can precisely and consistently target 
selected subpopulations of glia cells involved in a specific neural circuit. The lack 
of reliable genetic drivers for subpopulations of glia makes it difficult to precisely 
assess their functional role in neural circuits. For instance, it might take intensive 
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efforts to screen and find an individual with a single clone of labeled glial cells in 
or nearby the neuropils of interest (Peco et al., 2016). Moreover, pan-glial cell 
promoters were often used to manipulate the functions of glial cells to study the 
roles of glial cells on particular behaviors in Drosophila, which might also 
influence other circuits simultaneously. Without narrowing down the effect to the 
glial cells in the specific circuit, the results can be misleading and convoluted. 
Recognizing the need for a better genetic tool in glia cell research, we attempted 
to utilize TRACT for spatially restricted transcriptional control of glial cell 
subpopulations.  
As an initial test we used TRACT to investigate cell-cell interactions 
between glial cells and neurons in the brains of transgenic Drosophila. This 
method has revealed new insights into neuron-glia interactions, and shows 
potential to allow experiments that are not possible with currently available 
methods. First, we demonstrate that TRACT can be used to activate gene 
expression in glial cells that contact specific subsets of neurons by restricting 
ligand expression to those neurons. This is an important feature as it allows 
TRACT to genetically identify (and eventually manipulate) cells in a selective 
manner even if no specific promoters exist for them.  For example, we show that 
it is possible to selectively label a subset of glial cells that interact with olfactory 
neurons even though there are no specific drivers for these glial cells.  Second, 
using TRACT we have observed that the distribution of glial cells can have a high 
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degree of stereotypy.  For example, we have observed that the astrocytes that 
interact with olfactory sensory neurons are preferentially localized in certain 
sectors of the antennal lobe.  Third, we have observed that some astrocytes 
extend branches into two different functional areas of the brain (the antennal lobe 
and the subesophageal zone).  This observation suggests that these particular 
astrocytes may bridge the functions of these two brain areas, consistent with 
previous publications (Omoto et al., 2015). 
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RESULTS 
Monitoring glia-neuron interactions in the brain  
To monitor contacts between neurons and glia in the Drosophila nervous 
system we generated constructs tailored for expression in transgenic flies, 
namely a receptor called SNTG4 and CD19mch (see Material and Methods for 
detailed description). To express the CD19mch ligand into specific glial types we 
used the LexA/LexAop bipartite expression system (del Valle Rodriguez et al., 
2011; Venken et al., 2011) which allows for modular gene expression. We placed 
the CD19mch ligand under LexAop-dependent control and used two different 
LexA drivers, alrm-LexA::GAD or repo-LexA::GAD, to direct ligand expression 
into different glial types in Drosophila (Fig. 3-1).  The alrm driver is strongly active 
in astrocytes and weak in most other glial cell types (Stork et al., 2012). The repo 
driver, on the other hand, is active in wrapping glia, subperineurial glia, 
perineurial glia, cortex glia, but weak in astrocytes (Freeman et al., 2003).  
Finally, we also included a UAS-GFP allele to report SNTG4 activation and 
combined these alleles by conventional genetic crosses (elav-SNTG4; 
repo>CD19mch; UAS-GFP and elav-SNTG4; repo>CD19mch; UAS-GFP). In the 
absence of CD19mch there was low level ligand-independent background, with 
some weakly GFP positive cells localized to the eye discs (Fig. 3-1d).   
The different glial cell types interact with neurons different ways.  Thus, we 
examined whether directing expression of CD19mch into specific sets of glial 
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types with the repo and alrm drivers would lead to distinct patterns of reporter 
expression in neurons.  The alrm promoter drove CD19mch expression in 
astrocytes throughout many regions of the late 3rd instar larva nervous system, 
particularly in the central brain and the neuropils of the abdominal and thoracic 
neuromeres  (Fig. 3-1b). GFP was induced in neurons throughout the nervous 
system in the same regions as those in which CD19mch was observed   (Fig. 3-
1b, and Fig. 3-2a1-a8).  The repo driver also led to CD19mch expression 
throughout many regions of the nervous system including the central brain, 
thoracic, and abdominal neuromeres , and in glial cells that wrap the peripheral 
nerves (red fibers in Fig. 3-1c and Fig. 3-2b1-b8). This pattern of ligand 
expression led to GFP+ neurons in the same or adjacent areas where CD19mch 
was observed. No GFP expression was observed in any of these areas in the 
absence of the LexA driver for the ligand (Fig. 3-1d) or the SNTG4 receptor (data 
not shown). These data indicate that the GFP signal observed upon co-
expressing CD19mch and SNTG4 receptor is based on the physical interaction 
between neurons and glia.   
The GFP expression pattern induced by repo-driven ligand overlaps with 
that of alrm driven ligand in certain areas of the nervous system (namely the 
mushroom body and the neuropils of the thoracic and abdominal neuromeres). 
However, as expected given the different types of glial cells targeted by the repo 
and alrm drivers (Stork et al., 2012), there were also some differences between 
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the regions in which GFP was induced in neurons when the ligand was directed 
by alrm and repo (Fig. 3-1 and Fig. 3-2). For example, in the optic lobe the GFP 
induction in neurons was very strong with the repo, but very weak with the alrm 
driver (Fig. 3-1 and Fig. 3-3). This observation is consistent with the robust 
expression of CD19mch in the optic lobe by the repo, but very weak with the alrm 
driver (Fig. 3-1 and Fig. 3-3). These data show that expressing ligand in discrete 
subpopulations of glia can reveal different cell-cell interactions, highlighting the 
specificity and versatility of TRACT.  
In the adult brains, however, TRACT failed to detect the contacts between 
glial cells and neurons. While CD19mch in astrocytes was not able to induce any 
GFP expression in adult neurons, CD19mch, expressed in most of the glial cells 
by the repo driver, induced strong GFP inductions only in the adult optic lobes 
and the mushroom bodies. 
The repo and alrm drivers directed expression of the ligand in glial cells 
broadly distributed throughout the nervous system.  Consequently, we observed 
broad activation of GFP in a large number neurons throughout the brain and 
ventral nerve cord, as there was no regional specificity for either the emitter or 
receiver cells.  This made it difficult to study in detail or quantify the interactions 
between neurons and glia. To overcome this limitation, we attempted to 
investigate the interactions between highly specific subsets of neurons and the 
glia that contact them.  
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Monitoring interactions between glia and specific types of neurons    
As shown in figure 3-1, the interactions between glia and neurons are 
ubiquitous throughout the nervous system.  Glial promoters such as alrm and 
repo will direct transgene expression into glial cells in all areas of the nervous 
system, and consequently, these glial cells will interact with widely distributed 
neurons.  Thus, any genetic manipulation that depends on general promoters 
such as alrm or repo would be difficult to interpret, because they would affect the 
interaction between neurons and glia in a global manner.  For many experiments 
it would be necessary to selectively target populations of glial cells located in 
discrete areas of the nervous system to achieve highly specific manipulations.  
Interestingly, there are many neuron-specific promoters (in Drosophila, zebrafish, 
or mice) that can be used to direct transgene expression into selected brain 
areas.  For example, in Drosophila there are promoters or drivers that can be 
used to selectively express transgenes into projection neurons in the antennal 
lobe (Stocker et al., 1997) or specific photoreceptors in the compound eyes 
(Bowtell et al., 1991).  Similarly, in mammals, there are promoters to direct 
expression of transgenes into mitral cells of the olfactory bulb (Nagai et al., 2005) 
or Purkinje neurons in the cerebellum (Oberdick et al., 1990).  In contrast, 
currently there are no known promoters that can be used to selectively direct 
transgene expression into glial cells located in discrete areas of the nervous 
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system.  Therefore, to manipulate the astrocytes that contact subsets of neurons 
in discrete areas of the Drosophila nervous system, we utilized the highly specific 
drivers that direct expression of the CD19 ligand into specific neuronal types, 
while the SNTG4 receptor was expressed in astrocytes driven by alrm promoter. 
We used three different drivers to direct ligand expression into specific subsets of 
neurons: (i) MB247-LexA::VP16 for Kenyon cells (KCs) of the mushroom body, 
(ii) orco-LexA::VP16  for olfactory sensory neurons (OSNs) , and (iii) pdf-LexA for 
Pigment Dispersing Factor (PDF) neurons in ventral nerve cord and central brain.  
We analyzed the contacts between these selective subsets of neurons and the 
glia with which they interact during the wandering larval stage, and we observed 
that selective subsets of astrocytes were induced to express GFP in different 
CNS regions as expected from the position of the ligand expressing neurons 
(Figs. 3-4 to 3-6).   
First, when mCD19mch was expressed in central brain neurons (including 
KCs) by the MB247 driver, there were more than 20 astrocytes labeled in the 
central brain surrounding the mushroom body, the antennal lobe and 
subesophageal zone (Fig. 3-4a) in wandering larvae. We observed that GFP+ 
astrocytes near the mushroom bodies infiltrated their processes into the calyx 
and lobes of mushroom bodies (Fig. 3-4b). In addition, we noticed that the 
MB247 driver also directed CD19 expression in other neurons outside the 
mushroom bodies (arrows and arrowheads in Fig. 3-4), and accordingly, there 
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was GFP induction in astrocytes at the antennal lobe and subesophageal zone of 
the MB247 animals (Fig. 3-4d, arrow).   
When CD19mch was expressed in OSNs, we observed selective GFP 
expression in astrocytes near the antennal lobes (Fig 3-5c). We found that the 
average cell body size of the GFP+ astrocytes surrounding the antennal lobe is 
smaller than that of astrocytes surrounding the mushroom body (induced by the 
MB247 driver). When measured at the largest optical cross-section, the GFP+ 
astrocytes labeled near the mushroom bodies of MB247 animals were 1.4 fold 
larger than those near the antennal lobe in orco animals (Fig. 3-6c) (orco: 
96.08µm2, S.D.=+/-25.90µm2, n=35 from 10 animals; MB247: 135.71µm2, 
S.D.=+/-32.0µm2, n=64 from 6 animals; t-test, p<0.0001). 
Interestingly, these GFP+ astrocytes infiltrate not only the antennal lobes, 
but also the dorsal part of the subesophageal zone (arrowhead in middle panel of 
Fig. 3-5c), consistent with previous finding of astrocytes in larval central brain 
(Omoto et al., 2015). The location and number of astrocytes induced by the 
ligand in OSNs varied between individuals examined. Depending on the animal, 
GFP was observed in one to three astrocytes straddling each antennal lobe. The 
cell bodies of the astrocytes were most commonly medial or ventrolateral, but 
never dorsolateral, to the antennal lobes (Fig. 3-6b), also consistent with 
previous finding (Omoto et al., 2015). As such, I define the medial/dorsomedial 
and ventral/ventrolateral sectors as “common sectors”. To analyze the variation 
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of GFP induction across individuals, I categorized the labeling pattern of 
astrocytes in 50 antennal lobes of 25 larval brains based on the number and 
location of astrocytes. I observed recurrent patterns, which I formulated into 6 
broad categories. Most commonly, (A) a single astrocyte was labeled in a 
common sector (medial/dorsomedial or ventral/ventrolateral) (34%), or (B) two 
astrocytes were labeled in two opposite common sectors (e.g. dorsomedial and 
ventral) (30%). Similarly to (B) but less common, (C) two astrocytes were 
labeled, one of them in a common sector and the other in an opposite, non-
common sector (e.g. dorsomedial and lateral) (6%). In some antennal lobes 
examined, three astrocytes were labeled (D), two of them in opposing common 
sectors and another in a non-common sector (e.g. medial, ventral, and 
ventrolateral) (10%). In other antennal lobes, (E) a single astrocyte was labeled 
outside the common sector (10%) or (F) multiple astrocytes were labeled in 
proximal sectors (10%). 
When CD19mch was expressed under the pdf-LexA driver, we observed 
GFP induction in astrocytes near the larval optic lobe (white arrows in right panel 
of Fig. 3-5d1) and in the distal end of the ventral nerve cord (white arrows in right 
panel of Fig. 3-5d2). This distribution of GFP+ astrocytes is consistent with the 
location of the two groups of PDF+ neurons in larval nervous system: (i) lateral 
neurons in the central brain close to the optic lobe (blue arrows in middle panel of 
Fig. 3-5d1), which receive input from photoreceptors (Sprecher et al., 2011), and 
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(ii) motor neurons in the last two segments of ventral nerve cord (blue arrows in 
middle panel of Fig. 3-5d2) that innervate the hindgut to control muscle 
contraction (Helfrich-Forster, 1997; Talsma et al., 2012; Zhang et al., 2014). 
 To evaluate the consistency of TRACT, we counted the number of the 
GFP-labeled astrocytes in the ventral nerve cord terminal of pdf animals and the 
antennal lobes of orco animals, where it was possible to count the number of 
GFP+ accurately.  The GFP induction patterns in the antennal lobes of orco 
driver animals and ventral nerve cord of pdf driver animals are highly consistent 
among individuals (Fig. 3-6a).  There were between 5 and 8 (average= 6.57, 
S.D.= +/-0.87, n=21 larvae) astrocytes labeled in the ventral nerve cord terminal 
of pdf animals, and between 1 and 3 (average= 1.68, S.D.= +/-0.74, n=25 larvae) 
astrocytes in the antennal lobes of orco animals. These experiments 
demonstrate that directing expression of the ligand into a subset of neurons 
localized to a restricted area of the nervous system activates transcription in a 
very selective subset of astrocytes that make contact with those neurons in a 
reliable manner.  
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DISCUSSION  
Our experiments demonstrate that it is possible to take advantage of the 
molecular mechanisms of the Notch pathway to genetically record cell-cell 
interactions in vivo. We have generated transgenic animals where cells 
expressing an artificial ligand (“emitter” cells) activate a genetically-modified 
Notch receptor on their interacting partners (“receiver” cells). Using TRACT we 
have shown that expressing the ligand in glial cells activates transcription in 
neurons throughout the Drosophila brain and ventral nerve cord. For these 
experiments, we used the repo driver, which is highly active in subperineurial, 
perineurial, cortex, and ensheathing glia, but weak in astrocytes, and the alrm 
driver which is active in astrocytes, but much weaker in other glial types 
(Freeman et al., 2003). As expected, the set of neurons activated is different 
when the ligand is expressed under the repo or alrm drivers. These different 
patterns of GFP induction are likely due to several factors. First, alrm and repo 
drivers are active in different brain regions. For instance, strong ligand 
expression can be detected in the larval optic lobe with the repo (Figs. 3-1c and 
3-3) but not the alrm driver (Fig. 3-1b). Consequently, the GFP induction is robust 
in the larval optic lobe of repo (Figs. 3-1c and 3-3) but not alrm animals (Fig. 3-
1b). Second, even within the same region, the repo and alrm drivers are active in 
different populations of glial cells (Stork et al., 2012). In particular, the alrm driver 
is active in astrocytes (Freeman et al., 2003), which have a large membrane 
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surface because they have highly branched processes that occupy a large 
fraction of the neuropil. The contact area between neurons and astrocytes is 
large because their interaction occurs between highly ramified processes from 
neurons (dendrites and axonal arborizations) and astrocytes (astrocyte 
processes) (Stork et al., 2012). Consistent with this observation, although the 
overall expression of CD19mch in the central brain with the alrm driver (Figs. 3-
1b and 3-2) was weaker than with the repo driver (Figs. 3-1c and 3-2), the 
expression of CD19mch in astrocytes with the alrm driver may account for the 
robust GFP induction in mushroom body, antennal lobe, and subesophageal 
zone neurons (Fig. 3-1b and 3-2). Third, it is possible that not all areas of the cell 
membrane that participate in the interaction between neurons and glia have the 
same ability to activate the receptor. For example, in the optic lobe with the repo 
driver there is strong GFP induction in the medulla and lamina neurons, but the 
CD19mch+ ligand signal close to the cell bodies of GFP+ neurons is very weak, 
or absent (Fig. 3-3).  In contrast, there is clear contact between the neurites of 
the GFP+ neurons and CD19mch+ glial cells clustered in two bands in the optic 
lobe, the marginal and medulla glia, and the epithelial glia (Figs. 3-3b and c). As 
a counterexample, in that same image there is strong CD19mch expression in 
glial cells in the central brain in areas where there are many neuronal cell bodies, 
but there is no GFP induction in neurons in those areas (Fig. 3-3a).  Interestingly, 
those central brain areas with no GFP+ neuronal induction also contain cortex 
glia, which primarily make contact with the cell bodies of neurons, and the repo 
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driver is expected to direct ligand expression into these cortex glia.  These 
observations suggest that the interaction between neurites and glial processes 
may be more effective at activating the receptor than interactions between cell 
bodies. This interpretation is also consistent with the observation of strong GFP 
induction in central brain neurons when the ligand is expressed in astrocytes 
(with the alrm driver), as astrocyte processes interact with neuronal processes in 
synapses (Figs. 3-1, 3-2, 3-4, 3-5 and 3-6). Finally, although our data indicate 
that the ligand CD19mch is present throughout the neuronal membrane, 
including cell bodies, axons and dendrites, its distribution may not be strictly 
uniform along the plasma membrane (Fig. 3-4c). Besides, depending on the cell 
surface size, the density of the ligand in different cells might also vary.  Varying 
density of the ligand in the plasma membrane could account for the ability to 
detect some neuron-glia interactions, but not others.  
Furthermore, we demonstrate that directing expression of the ligand into a 
subset of neurons localized to a restricted area of the nervous system activates 
transcription in a very selective subset of astrocytes that make contact with those 
neurons. We were able to selectively activate transcription in specific subsets of 
astrocytes located in the following regions: (i) antennal lobe (with a neuronal 
driver for OSNs), (ii) mushroom body (with a neuronal driver for Kenyon cells), 
and (iii) central brain regions next to the optic lobe and terminal end of the ventral 
nerve cord (with a driver for PDF neurons). This observation indicates that even if 
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there are no specific promoters capable of directly driving expression of 
transgenes into certain cell types (such as antennal lobe or mushroom body 
astrocytes), this strategy makes it possible to genetically manipulate highly 
specific populations of cells based, not on the genes that they express, but on 
the cells with which they interact.    
TRACT has allowed us to gain new insights about neuron-glia interaction. 
We have observed that the distribution of glial cells can have a high degree of 
stereotypy.  For example, we have observed that the astrocytes that interact with 
olfactory sensory neurons are preferentially localized in certain sectors of the 
antennal lobe, but are rarely, if ever, present in other sectors (Fig. 3-6b). The 
localizations of the astrocyte cell bodies have been reported previously by clone 
analysis (Omoto 2015).  Because the randomness of the labeling by clone 
analysis, there is no direct evidence to show how different astrocytes coordinate 
together to cover larval antennal lobe or whether there is any consistency of 
astrocyte process patterns across different individuals. Peco et al., (2016) 
recently found that the arborizations of astrocytes in larval VNC stereotypically 
cover specific regions of neuropil. However, due to the repetitive structures of 
segmentation in larval VNC, it is still questionable whether this finding can also 
apply to the central brain, whose structure is relatively sophisticated. Our 
preliminary data suggest that the infiltration patterns of the astrocytes 
surrounding the larval antennal lobes are variable, unlike the patterns of the ones 
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in the VNC. However, it might be necessary to confirm whether all the astrocytes 
that branch into the antennal lobe were labeled by analyzing the co-localization 
between GFP signals and astrocytic membrane marker, such as GABA 
transporter. Moreover, due to the complexity of the combinations of cell body 
distribution, more sophisticated analysis should be considered in the future, such 
as more precise alignment of the images from different individuals or unbiased 
computational analysis.  
In addition, we have observed that the astrocytes surrounding the medial 
sectors of the antennal lobe also extend branches into the subesophageal zone.  
This suggests that this particular astrocyte may bridge the function between the 
antennal lobe and the subesophageal zone, consistent with previous publications 
that imply a close functional relationship between these 2 brain areas in the larval 
brain (Omoto, et al 2015).  
Finally, we have observed that the size of the cell bodies of astrocytes that 
branch in the mushroom body are larger than those that branch in the antennal 
lobe. The structural variation between these subpopulations of astrocytes could 
reflect an underlying functional heterogeneity among astrocytes localized to 
different areas. Traditionally glial cells are considered to be homogenous 
population deployed throughout different brain regions. However, different types 
of neurons in different brain regions process different neuronal properties and 
perform diverse functions. For instance, in mammals, a group of astrocytes in 
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subventricular zone and dentate gyrus are specialized to function as adult neural 
stem cells. Recently, in a review article, Magnusson and Frisen, (2016) raise the 
questions of why there is a regional difference for astrocytes and which factor 
regulates the specialization of their cell fate. In our case, by using our system 
with other tools, such as translating ribosome affinity purification (TRAP, Heiman 
et al., 2008), we might be able to analyze in details the differences of the gene 
profiles from astrocytes contacting different types of neurons. 
TRACT, with the design described in this chapter, is not optimized to 
monitor glia-neuron contacts in the adult stage because of several issues. For 
instance, when the ligand was expressed in astrocytes and the receptor 
expressed pan-neuronally by elav promoter, there was no induction in the adult 
brains. However, once the same experiment was performed with the modified 
receptor, which has the Drosophila Neuroligin intracellular domain located 
between the TMD and GAL4 and will be discussed in Chapter 4, a strong 
induction of GFP expression was observed in the entire adult brain (data not 
shown). This might be due to the improvement of the sensitivity or the neurite 
localization of the receptor proteins. Moreover, for selectively labeling a group of 
astrocytes by TRACT, alrm-SNTG4 generates strong ligand-independent 
background in many regions of the adult brain, which makes it difficult to analyze 
the real induction. This phenomena might be caused by higher expression level 
of the receptor proteins in adult vs. larval astrocytes. For this issue, I will have 
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more discussion in detail in Chapter 4, but one possible way to improve it is to 
replace alrm promoter with another pan-astrocytic one.    
Previous research focusing on astrocytes involved in CNS functions mostly 
used astrocyte-specific drivers to perturb the cell properties or gene expression 
profiles in all astrocytes. For example, Ng et al., (2011) used astrocyte-specific or 
pan-glia drivers to block endocytosis or allow calcium signaling, respectively, to 
find that glial cells modulate circadian behavior in Drosophila. In another study, 
Liu et al., 2014 expressed TRPA1 in all astrocytes in larvae to show that the 
astrocytes regulate the synaptic strength and response between OSNs and PNs. 
Care should be taken to interpret these results and the possibility of the effects 
from other circuits. In the future, we anticipate to use TRACT to selectively 
manipulate the functions of astrocytes infiltrating specific neuropils or contacting 
specific types of neurons to precisely pinpoint their roles in neural circuits and 
animal behavior. For example, I am planning to use TRACT to express the 
dominant negative Shibire selectively in the antennal lobe astrocytes to block 
endocytosis, which has been shown to be important for astrocytic regulation of 
synaptic function and animal behavior (Ma et al., 2016; Ng et al., 2011). I will test 
those animals’ olfaction and olfactory learning and memory to characterize the 
impact on the antennal lobe circuit. In addition, to characterize the role of 
astrocytes in circadian rhythm, I will use TRACT to express an ebony RNAi in the 
astrocytes associated with pdf or other circadian neurons. ebony in Drosophila 
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glial cells has been shown to be essential for normal circadian behavior (Suh and 
Jackson, 2007). Hopefully, with those manipulations in selected astrocytes, we 
can get more precise insight into the roles of astrocytes on controlling neural 
circuit functions. 
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MATERIALS AND METHODS 
Transgenic flies. For all experiments using transgenic flies we modified the 
SNTGV receptor described above for in vitro experiments and we generated a 
receptor called SNTG4, which contains the following: (i) SCAD,  (ii) Drosophila 
notch NRR and notch TMD (residues 1460 to 1767) , and the transcriptional 
regulator GAL4esn (defined as G4 thereafter). GAL4esn includes the DNA 
binding domain and the transactivation domain, but it lacks the GAL80 binding 
domain (Sprinzak et al., 2010).  
- elav-SNTG4: We introduced the SNTG4 receptor in a pCasper vector 
containing the 3.5 kb fragment of the elav promoter (Yao and White, 1991). 
Transgenic elav-SNTG4 flies were produced by standard P-element integration. 
elav-SNTG4 transgenic flies were screened by GAL4 immunostaining, and the 
lines with the highest expression level of SNTG4 were chosen for the future 
experiments.  
-The alrm-SNTG4 construct was generated by amplifying a 4,973 bp region of 
alrm promoter from alrm-Gal4 cassette (Doherty et al. 2009), which then 
replaced the elav promoter in pCasper-elav-SNTG4. Transgenic alrm-SNTG4 
flies were produced by standard P-element integration. alrm-SNTG4 transgenic 
flies were screened by GAL4 immunostaining, and the lines with the optimal 
expression level of SNTG4 were chosen for the future experiments.   For 
transgenic flies we modified the CD19 ligand to carry the CD19 ECD and TMD 
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fused to the red fluorescent marker mCherry to allow identification of the emitter 
cells. In addition, we included an endocytosis signal from the human LDL 
receptor (Chen et al., 1990), as endocytosis is thought to be necessary to 
generate the pulling force that opens the NRR (Meloty-Kapella et al., 2012). The 
ligand containing CD19, mcherry, and the LDL endocytosis signal will be referred 
to as CD19mch. We compared the activity of SNTGV (with gal4VP16, human 
notch NRR and TMD) and SNTG4 (with GAL4esn, Drosophila NRR and TMD) 
receptors, as well as CD19 and CD19mch ligand, in CHO cells, and we observed 
that the level of inducibility (maximal induction levels normalized to ligand-
independent background levels) were highly similar for these two receptors and 
two ligands (data not shown).  
- LexAop-CD19mch: The CD19mch ligand was cloned in the LexAop pJFRC19 
plasmid (Addgene). Transgenic LexAop-CD19mch flies were produced by attb 
site-specific integration in attP2 site.  
- repo-LexA::GAD, alrm-LexA::GAD drivers, 5xUAS-mCD8::GFP and 5xUAS-
CD4::tdGFP reporter were a gift from Marc Freeman, Umass Medical School.  
- pdf-LexA were a gift from  Quan Yuan, NINDS.  
- MB247-LexA::VP16 were a gift from Tzumin Lee, Janelia Research Campus , 
HHMI.  Genotypes of flies analyzed in the figures:  
Fig. 3-1b and 3-2a: 5XUAS-CD4::tdGFP/elav-SNTG4 ; alrm-LexA::GAD/LexAop-
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CD19mch  
Fig. 3-1c, 3-3 and 3-2b: 5XUAS-CD4::tdGFP/elav-SNTG4 ; repo-
LexA::GAD/LexAop-CD19mch  
Fig. 3-1d: 5XUAS-CD4::tdGFP/elav-SNTG4 ; LexAop-CD19mch/TM3  
Fig. 3-4a (top-right, top-left and bottom-left panel), 3-4b, 3-4d and 3-6c (bottom 
panel): 5XUASmCD8::GFP/alrm-SNTG4 ; MB247-LexA::VP16/LexAop-
CD19mch  
Fig. 3-4a (bottom-right) and 3-5b: 5XUAS-mCD8::GFP/alrm-SNTG4 ; LexAop-
CD19mch/TM3  
Fig. 3-4c: 5XUAS-mCD8::GFP/CyO ; MB247-LexA::VP16/LexAop-CD19mch  
Fig. 3-5c, 3-6a (left two panels), 3-6b (top panel) and 3-6c (top panel):5XUAS-
mCD8::GFP/alrm-SNTG4  
; orco-LexA::VP16/LexAop-CD19mch  
Fig 3-5d and 3-6a (right two panel): 5XUAS-mCD8::GFP/alrm-SNTG4 ; pdf-
LexA/LexAop-CD19mch  
All the crosses were maintained at room temperature, and were repeated at 
least 3 times.  
Immunostaining and microscopy of fly brain. The brains of the wandering 
larvae were dissected in 1x PBS under a dissection microscope. Brains were 
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fixed by immersing them in a 4% paraformaldehyde solution in PBS for 15 
minutes at room temperature. Brains were washed in PBS three times for 10 
mins each, followed by permeabilization with PBS/0.5% triton X-100 (PBST) for 
30 mins and blocking with 5% serum in PBST for 30 mins. The brain samples 
were stained with antibodies against GFP (rabbit polyclonal from Millipore, 
AB3080, diluted at 1:1,000), mcherry (rat monoclonal, 5F8, from Chromotek 
diluted at 1:1,000), Repo (mouse monoclonal, 8D12, from DSHB diluted at 1:10) 
and Brp (mouse monoclonal, nc82, from DSHB diluted at 1:50) diluted in 5% 
serum/PBST. Brains were Incubated with 1ry antibodies overnight at 4C, washed 
3 times in PBST, incubated with 2ry (goat secondary antibodies, Life 
Technologies, 1:500) for two hours at room temperature except the one for repo 
and brp at 4C overnight) , washed in PBST and mounted on glass slides with a 
clearing solution (Slowfade Gold antifade reagent, invitrogen).    
Stained brains were imaged with confocal microscopes (Olympus Fluoview 300 
or Zeiss 710) under a 40X or 60X objective. In a typical experiment, we imaged 
150 sections with an optical thickness of 0.3-0.5 µm from dorsal or ventral sides. 
Confocal stacks were processed with Fiji to obtain maximal projections.   
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FIGURES 
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FIGURE 3-1. Monitoring glia-neuron contacts in the Drosophila nervous 
system.  
(a) Diagram of the Drosophila larval nervous system indicating the main regions 
and structures in the brain and ventral nerve cord (shadowed in grey). (b and c) 
Expression of the CD19mch ligand by the alrm (b) and repo (c) drivers lead to 
GFP expression in elav-SNTG4 neurons throughout the larval nervous system. 
(d) control flies without the lexA driver have weak GFP background expression 
(ligand-independent) in the larval eye discs (arrows). For all panels, left shows 
distribution of CD19mch+ emitter cells; middle shows distribution of GFP+ 
neurons; right shows merged imaged of CD19mch (red), GFP (green) . Scale 
bar= 50 µm.  
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FIGURE 3-2. Expression of the ligand in different glial subtypes produces 
different patterns of induction. 
(a) Induction of GFP in neurons triggered by the alrm driver. Top, middle, and 
bottom squares in the diagram indicate high magnification views of the antennal 
lobe, mushroom body, and ventral nerve cord shown in Fig. 3b, and are shown in 
4a1-a2, 4a3-a4, and 4a5-a8, respectively. The cell bodies of CD19mch+ glia 
cells (white arrows) are located in both the central brain (a2, a4), and ventral 
nerve cord (a6, a8). (a1, a2) GFP+ neurons (arrowheads) surround the antennal 
lobe (marked by a stippled oval). (a3, a4) GFP+ cells bodies of Kenyon cells 
(arrowheads) surround the mushroom body (contours traced by stippled line), 
which is filled with GFP+ processes. (a5-a8) ventral and dorsal view of the 
thoracic neuromeres in the ventral nerve cord. GFP+ cell bodies had neurites 
that traverse throughout the neuropil and commissures. (a7, a8) Some of the 
GFP+ neurons (white arrowhead) form clusters in the thoracic neuromeres that 
innervate into 3 pairs of leg neuropils (blue arrows). (b) Induction of GFP in 
neurons triggered by the repo driver. Right, top, and bottom squares in the 
diagram indicate high magnification views of the optic lobe, central brain, and 
ventral nerve cord from Fig. 3c and are shown in 4b1-b2, 4b3-b4, and 4b5-b8, 
respectively. (b1, b2) GFP induction in the optic lobe (arrow), and in a small 
number of neurons (arrowhead) surrounding the antennal lobe (circle). Rectangle 
in b2 outlines the position of a CD19mch band of glial cells in the border between 
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the lamina and medulla in the optic lobe. (b3, b4) Kenyon cells (arrows) 
surrounding the mushroom body (outlined by stippled line). (b5-b8) Ventral and 
dorsal view of the thoracic neuromeres in the ventral nerve cord. Neurites from 
GFP+ neurons traverse throughout neuropil, commissures, and fiber tracts in the 
ventral nerve cord. Leg neuropils (blue arrows) contain branches of strongly 
expressing GFP neurites, whose cell bodies are located surrounding the 
neuropils (arrowhead). Notice that the nerve fibers are wrapped by strongly 
labeled CD19mch+ glia (b6) and contain axons that are GFP+ (b5) , and connect 
with leg neuropils (blue arrows). All images are confocal maximal projection 
images of the larval nervous system. Emitter cells (expressing CD19mch) are 
labeled in red. Receiver cells (expressing GFP) are labeled in green. Scale Bar: 
50 µm.  
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FIGURE 3-3. Differential induction of GFP in the central brain and optic lobe 
by expression of CD19mch ligand by a repo driver.   
GFP expression was induced in the neurons of larval optic lobe (stippled ovals 
and rectangles) when CD19mch was expressed in larval optic lobe glia cells (b 
and c, white and blue arrows in b and c) by the repo driver. In contrast, CD19mch 
expression in the central brain (a, white arrowheads) did not induce GFP 
expression in neurons in those areas.  Serial single optical sections (a: z=0µm; b: 
z=16.2µm and c: z=21µm) of larval optic lobe from confocal images show the 
distribution of CD19mch+ glia cells and GFP+ optic lobe neurons. (a) The cell 
bodies of medulla neurons express GFP strongly and form a cluster (stippled 
oval), with sparse, weakly expressing CD19mch+ glial cells inside of the cluster. 
(b) The cell bodies of lamina neurons are also GFP+ and form a second cluster 
(stippled rectangle on the right lower corner of the images) with weakly 
expressing CD19mch+ glial cells present inside of the cluster. The neurites of 
GFP+ lamina and medulla neurons (arrowheads) make contact with a row of 
epithelial glia (eg, white arrows) that express high levels of CD19mch. (c) The 
neurites of GFP+ neurons (arrowheads) interact with a second row of strongly 
expressing CD19mch+ marginal (mag) and medulla (meg) glia (blue arrows). For 
all panels, left shows distribution of CD19mch+ emitter cells; middle shows GFP+ 
neurons; right shows merged imaged of CD19mch (red), GFP (green). Scale 
bar= 20 µm.  
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FIGURE 3-4. Monitoring neuron-astrocyte contacts selectively in 
Drosophila larval mushroom bodies.  
 (a) Induction of GFP in central brain astrocytes (arrows and arrowheads in top 
left panel) triggered by CD19mch  expressed under the MB247 driver (red 
signals in top right panel). SNTG4 receptor was expressed in all astrocytes using 
the alrm promoter. The majority of the CD19mch+ neurons driven by MB247 are 
Kenyon cells (KCs) in mushroom bodies (arrows in top right panel), and are 
located next to GFP+ astrocytes (arrows in top left panel). In addition to KCs, the 
MB247 driver also expresses CD19mch in other neurons outside of the 
mushroom body (cell bodies indicated by white arrowheads and neurites by 
yellow arrowheads in top right panel), which lead to GFP expression in 
astrocytes located in the subesophageal zone and antennal lobe (arrowheads in 
top left). The enlarged image of the stippled rectangle region is shown in (d) 
Bottom left: immunostaining against REPO shows the location of all glial cell 
nuclei.  The mushroom bodies are contoured by a stippled line. Bottom right: 
control larva without the LexA driver has no GFP expression. (b) Scheme 
showing the three domains of the right mushroom body in (a): KC cell bodies are 
located in the top right corner.  Dendrites from KCs branch in the calyx, and their 
axons project to the lobes. Single optical sections of the calyx and dorsal lobe 
are shown in (b1) and (b2), respectively. In (b1) and (b2) the branches of the 
GFP positive astrocytes surround the mushroom body. The arrows indicate the 
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dendrites (branching in the calyx (b1)) and axons (branching in the dorsal lobe 
(b2)) of CD19mch+ KCs. (c) CD19mch expression pattern driven by MB247. In 
addition to the KCs in the mushroom bodies, CD19mch was also expressed in 
some neurons in the dorsomedial aspect of the central brain (arrows). The 
neurites (arrowheads) of these neurons project along the midline into the 
subesophageal zone. (d) Single optical section from the stippled rectangle region 
shown in the top right panel in (a).  The GFP induction in astrocytes near the 
antennal lobe and subesophageal zone (arrow) was in the vicinity of projections 
from CD19mch+ neurons (arrowheads). The images in (a) and (c) are maximum 
projections of confocal microscopy images. Scale bar= 20 µm.  
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FIGURE 3-5. Monitoring neuron-astrocyte contacts selectively in larval 
antennal lobe, central brain, and ventral nerve cord.  
(a) Diagram of the Drosophila larval nervous system indicating the regions shown 
in b-d.  The region in the red stippled rectangle including antennal lobe is shown 
in top panel of (b) and (c).  The region in the top blue stippled square in the 
central brain is shown in middle panels of (b) and (d1). The distal part of VNC in 
the bottom blue stippled square is shown in the bottom panel of (b) and (d2). (b) 
Control larva without the LexA driver has no GFP expression in the antennal 
lobes (top, stippled contours), central brain (middle) or the distal part of VNC 
(bottom, stippled contour). (c) The orco driver induces CD19mch expression in 
most OSNs. CD19mch+ axons from OSNs projecting into the antennal lobe (red 
in the stippled circles) induced GFP expression in antennal lobe astrocytes (white 
arrows in the right panel). The GFP+ astrocytes located in the medial sector of 
the larval antennal lobes also infiltrate into the subesophageal zone (white 
arrowhead in middle panel). (d) GFP induction in selective astrocytes in the 
central brain (d1) and ventral nerve cord (d2) when pdf driver directed CD19mch 
expression into PDF neurons. In (d1) the dashed lines mark the boundaries 
between the larval optic lobe (OL) and central brain, and in (d2) the dashed line 
contours the ventral nerve cord. The CD19mch+ PDF neurons (blue arrows in 
middle panels) induce GFP expression in a small set of astrocytes in their vicinity 
(white arrows in right panels). All images in this figure are maximum projections 
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of confocal microscopy stacks. Scale bar= 20µm.  
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FIGURE 3-6. Distribution and characteristics of astrocytes interacting with 
ligand-expressing neurons.  
(a) Examples of the GFP expression patterns induced in astrocytes in the 
antennal lobe (with ligand expressed in OSNs with orco driver (left two panels)) 
and ventral nerve cord (with ligand expressed by pdf driver (right two panels)) 
show highly similar distribution of induced astrocytes and GFP intensity between 
hemispheres and animals. Maximum projections of confocal microscopy images.  
(b) The top panel shows an example illustrating how the locations of astrocyte 
cell bodies were determined in the antennal lobe. The two antennal lobes from 
each animal were aligned to generate the horizon line. Each antennal lobe was 
equally divided into 8 sectors: dorsal (D), dorsolateral (DL), lateral (L), 
ventrolateral (VL), ventral (V), ventromedial (VM), medial (M) and dorsomedial 
(DM). The sectors where the cell bodies of the GFP+ astrocytes located were 
recorded. In this example one astrocyte cell body at the left antennal lobe is in 
the DM sector (blue arrow); two astrocyte cell bodies at the right antennal lobe 
are in the M (white arrow head) and VL (white arrow) sectors. The bottom panel 
shows the percentage of the astrocytes located in the different sectors.  The 
GFP+ astrocytes in the antennal lobes are most commonly located in the M 
(29.8%) and VL (22.6%) sectors, but no astrocytes were located in the DL sector 
(total 84 astrocytes from 25 larval brains). (c) Size of cell bodies of GFP+ 
astrocytes in the antennal lobe and mushroom body.  Exemplars of two astrocyte 
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cell bodies (red dotted contours) in the antennal lobe (top, stippled contours) of 
an orco animal and in the mushroom body (bottom, stippled contour) of a MB247 
animal. Left panels show the maximum projection images of each GFP+ 
astrocyte; right panels show the enlarged single optical sections, where the area 
size of cell bodies (red dotted contours) were measured. Scale bar= 20 µm.   
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Chapter 4: Application of TRACT to investigate connectivity between 
neurons in the Drosophila nervous system 
 
 
 
 
 
 
 
 
This chapter was composed by Ting-Hao Huang’s unpublished data. 
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ABSTRACT 
To test TRACT in tracing neuronal circuits, the original receptor, expressed pan-
neuronally, was first used in Drosophila olfactory and visual systems, which have 
been well-studied in EM levels. When the ligand was expressed in the OSN or 
specific types of optic lobe neurons, the induction of the reporter gene expression 
was observed in only a few cases, such as the OSN/LN contacts in the larval 
antennal lobes and L5/other optic lobe neurons in the adult brains. These results 
indicate that the original TRACT works inefficiently to monitor synaptic contacts. 
Furthermore, the original designs of the ligand and the receptor are not targeted 
at synaptic terminals. Therefore, the induction observed might also reflect non-
synaptic contacts. To improve TRACT sensitivity and synaptic specificity, we 
managed to target the receptor to the postsynaptic sites by fusing SNTG4 with 
Drosophila Nlg2 intracellular domain. Interestingly, Nlg2 intracellular domain 
helped the receptor proteins localize to the neurites, and also increased the 
sensitivity of TRACT. However, when we restricted the ligand expression in 
single glomerulus, we found ectopic induction of GFP expression in non-ligand 
positive glomeruli, indicating the receptor is still present outside the synaptic 
sites. Therefore, we further attempted to target the ligand to presynaptic sites by 
fusing with presynaptic transmembrane proteins. We found the ligand fused with 
the synaptic vesicle protein, synaptobrevin, has better presynaptic localization, 
but is only able to induce GFP expression in a few antennal lobe neurons when it 
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is expressed in most of OSNs. Therefore, more sophisticated characterizations 
are still required to improve the efficacy of our system. 
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INTRODUCTION 
There is an urgent need of tools to determine the connectome of the 
nervous system. Therefore, our main goal is to apply TRACT to monitor synaptic 
contacts in Drosophila central nervous system. Drosophila melanogaster has 
many powerful genetic tools available, which will help us to test TRACT in vivo. 
Moreover, the Drosophila nervous system shares many features with the 
mammalian nervous system, such as information transfer mediated by action 
potentials and most neurotransmitters and genes involved in synaptic functions 
are conserved. In addition, the relatively sophisticated brain with different 
functional compartments and a variety of behaviors make Drosophila an 
excellent model to study the relationship between neural circuits and behavioral 
outputs. In this chapter, we focused on the olfactory and visual systems in the 
Drosophila brain (Borst, 2009; Wilson, 2013). These two systems have been 
extensively studied using approaches such as EM, electrophysiology and GECI, 
both during development and in the adult, and several cell-type specific drivers 
are available to uniquely identify each cell type in them. Furthermore, the 
organization of these circuits is highly stereotyped (i.e., invariant from animal to 
animal).  Together, these properties allow us to evaluate whether the connection 
revealed by TRACT in these circuits is consistent with previous findings. 
The optic lobe is the insect analog of the mammalian visual center, which 
receive visual information from the photoreceptors R1-R8 in compound eyes, and 
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consists of four main structures: the lamina, medulla, lobula, and lobula plate (Fig. 
5). Due to the stereotypic structures and the presence of different types of 
neurons, the Drosophila optic lobe is an excellent model to study neural circuit 
computation.  Circuits in the lamina (La) and medulla (Me) of the optic lobe are 
organized into repeating, stereotyped modules called cartridges (in the La) and 
columns (in the Me) (Borst, 2009).  In the La, there are 12 laminal neurons: 5 of 
them (L1-L5) are output neurons; 6 are feedback neurons and one intrinsic 
neuron. Each La cartridge contains the neurites of one L1-L5 neurons and other 
feedback neurons, T1, C2 and C3, whose cell bodies are located in the Me. Each 
La cartridge receive visual input from R1-R6 photoreceptors (mostly synapsing 
with L1, L2 and L3 laminal neurons) sensing the light from the same spot in the 
visual field (Meinertzhagen and O'Neil, 1991; Rivera-Alba et al., 2011). After 
processing in the La, the visual information is sent downstream to the Me 
columns. The Me not only receive color visual input directly from photoreceptors 
R7 and R8, but also is considered the first relay of motion related activity (Morante 
and Desplan, 2004; Takemura et al., 2013; Tuthill et al., 2013; Vogt et al., 2016). 
Each Me column receives the input from a single La cartridge. The color and 
motion specific information is further conveyed to the higher visual neuropils, 
lobula, and lobula plate (Morante and Desplan, 2008).  
In the Drosophila olfactory system (see review Gerber et al., 2009), the 
olfactory information is received by the olfactory sensory neurons (OSNs), of 
which the cell bodies are located in larval dorsal organs or adult antenna and 
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maxillary pulps. Each OSN expresses one type of olfactory receptors responding 
to odor compounds and other stimuli, such as pheromone and CO2. The OSNs 
expressing the same olfactory receptor gene project their axons convergently to 
specific single glomerulus in each antennal lobe, the insect analog of the 
mammalian olfactory bulb, on each side, where the OSN axons form synapses 
with the projection neurons (PNs) and local interneurons (LNs) (Berck et al., 
2016; Rybak et al., 2016). While most of PNs are cholinergic excitatory neurons, 
LNs are either excitatory (cholinergic or glutamatergic) or inhibitory (GABAergic). 
PN cell bodies are located in three clusters near the anterodorsal, lateral and 
ventral sides of the antennal lobes.  According to the dendritic arborizations of 
the PNs, there are two types of PNs: uniglomerular PNs (uPNs) and 
multiglomerular PNs (mPNs). While mPNs, which mostly come from the ventral 
cluster, innervate multiple glomeruli, uniglomerular PNs with the same cell fates 
project their dendrites convergently into a specific glomerulus (Lai et al., 2008). 
Therefore, the olfactory information conveyed from the OSNs is still convergent 
from OSNs to uPNs in antennal lobes. In contrast, the dendritic arborizations of 
the axonless LNs branch widely and make synaptic contacts in multiple glomeruli 
to provide interglomerular communications in antennal lobes (Hong and Wilson, 
2015). To convey the olfactory information to higher olfactory brain regions, the 
mPNs send axons directly to the lateral horn through the middle antennal tract 
(mACT); the uPNs send axons in the inner antennal tract (iACT) to the calyx of 
the mushroom bodies and the lateral horn subsequently (Butcher et al., 2012; 
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Jefferis et al., 2007). Mushroom body has known to be involved in olfactory 
learning and memory in Drosophila. Recently Caron et al. (2013) showed that a 
Kenyon cell (KC), the intrinsic neuron in mushroom bodies, might receive 
divergent olfactory information from random combinations of input from antennal 
lobe glomeruli. Although the olfactory circuit in Drosophila is stereotypical from 
the larval stage to adult stage, the complexity of the circuit does increase 
dramatically according to the number of cells, and the olfactory circuits are 
disassembled and reassembled during the metamorphosis. For example, the 
larval Drosophila antennal lobe is composed by around 21 glomeruli, which 
receives axon projections from around 21 OSNs, and make synapses with 25 
PNs and unknown number of LNs. The larval PNs project their axons to around 
35 glomeruli in the mushroom body calyx to connect to ~600 KCs. In adult brains, 
~1,300 olfactory sensory neurons converge in some 50 glomeruli to both sides, 
and make synaptic contacts with some 150 projection neurons and 200 local 
interneurons on each side. In the adult mushroom body calyx, there are 
hundreds of glomeruli, where adult PNs form synapses with around 2500 KCs.  
In this Chapter, we first tested the original TRACT with CD19-SNTG4 in 
Drosophila antennal lobes and optic lobes. The inductions were able to be 
observed in the contacts between larval OSNs/LNs and adult L5 lamina 
neurons/other optical lobe neurons. However, in theory, there are other types of 
connections that were predicted to be detected, such as the connections between 
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OSNs and PNs. Therefore, the initial results indicate that TRACT is not efficient at 
detecting all types of neuron-neuron contacts.  
To further improve TRACT to map neuronal circuits by monitoring neuron-
neuron contacts in synaptic sites, we generated new synthetic ligands and 
receptors specifically targeted to synaptic terminals. Our results show that 
improving the efficiency of transporting the receptor protein to neurites by fusing 
it with the intracellular domain of Drosophila neuroligin2 increases the sensitivity 
of the system. However, the induction caused by non-synaptic contacts was still 
able to be detected. To test whether targeting the  ligand to pre-synaptic sites 
could increase specificity, we generated several new transgenic fly strains with 
the ligand fused with different pre-synaptic markers, such as synaptobrevin, 
syntaxin and neurexin1. We found the ligand fused with synaptobrevin have good 
pre-synaptic localization, and, as the initial test, it can generate moderate 
induction in the antennal lobes. Hopefully, targeting the ligand to the pre-synaptic 
terminals will allow TRACT to trace transsynaptic contacts specifically.         
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RESULTS 
Monitoring neuron-neuron interactions in the brain in vivo 
To test the capability of TRACT to monitor neuron-neuron contacts, we used 
the GMR64B 07-lexA driver to direct the expression of the ligand within the optic 
lobe. This driver is both selectively and robustly expressed in the L5 lamina 
neurons of the adult fly brain (Fig. 4-1). Previous EM data revealed that the L5 
neurons make synaptic connections mainly with Mi1, C2, and TM3 neurons in the 
medulla, and L1 neurons in the lamina (Takemura et al., 2013). In addition, L5 
neurons also make contacts with L2, L4, Lai and Lawf neurons in the lamina, and 
Mi4, Mi5, Dm2, Tm1, Tm6, Tm2, and C3 neurons in the medulla (Takemura et al., 
2013). All of the putative interacting partners of L5 neurons have axons and 
dendrites that ramify in the lamina and medulla, but Tm1, Tm2, Tm3, Tm6 and T2 
neurons also have axons that project into the optic lobe lobula (Fig. 4-1a) (Rivera-
Alba et al., 2011).  
In the absence of ligand (no lexA driver) there was a low level of ligand-
independent GFP background expression in some cell bodies in the posterior 
surface of the medulla (Fig. 4-1b). When the CD19mch ligand (under GMR64B07-
lexA driver) was expressed in L5 neurons, we observed robust GFP induction 
consistent with the distribution of the cells that interact with L5 neurons in the optic 
lobe as revealed by serial EM (Fig. 4-1c). GFP+ cell bodies localized exclusively 
to the lamina and medulla of the optic lobe, but GFP+ neurites (axons and 
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dendrites) also extended into the lobula (Figs. 4-1c, c1, and c2).  Interestingly, 
although all neurons (including the emitter L5 lamina neurons) supposedly 
express the SNTG4 receptor we observed that CD19mch+ neurons did not 
express GFP, indicating the lack of cis-activation between ligand and receptor in 
the membrane of individual neurons (Fig. 4-1c1, right, inset). 
Synapses between neurons in the antennal lobe occur only in the glomeruli, 
and electrophysiological studies have confirmed that neurons that extend 
processes into a common glomerulus (OSNs, LNs and PNs) are synaptically 
connected (Hong and Wilson, 2014).  Thus, this prior information regarding the 
connectivity of this circuit can be used as a reference to evaluate the cell-cell 
interactions revealed by TRACT. 
To investigate whether TRACT could also be used to investigate neuron-
neuron interactions in the olfactory system, we used lexA drivers to express the 
CD19mch ligand in two populations of antennal lobe neurons: (1) Orco-lexA, 
which expresses in all OSNs in larvae (Lai et al., 2008) (Fig. 4-2), and (b) GH146-
lexA, which expresses in a large subset of PNs (Lai et al., 2008) (Fig. 4-3), and in 
some optic lobe cells. We also included a UAS-GFP allele to report SNTG4 
activation and combined these alleles by conventional genetic crosses (ela-
SNTG4; Orco or GH146>CD19mch; UAS-GFP). When the emitter cells were 
OSNs, we observed labeling in neurons surrounding the antennal lobe (Fig. 4-2b). 
Antennal lobe PNs can be identified by the presence of axons arising from their 
cell bodies that project outside of the antennal lobe towards the mushroom body 
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and lateral horn (Wilson, 2013). Most antennal lobe LNs can be identified with 
antibodies that recognize GABA (Hong and Wilson, 2014). We observed that 
expressing the CD19mch ligand in OSNs (with the orco-LexA driver) activated 
GFP expression both in PNs (Fig. 4-2b), and in GABA-immunopositive antennal 
lobe LNs (Fig. 4-2c). The induction of GFP in these two cell types is in accord with 
known connectivity of the system, as both PNs and LNs in the antennal lobe are 
known targets of OSNs (Fig. 4-2a). 
 When the emitter cells were PNs (using the GH146 driver to express 
CD19mch) (Fig. 4-3a), we observed GFP induction in antennal lobe PNs (with 
axons projecting into the mushroom body) (Figs. 4-3b, d, and e), antennal lobe 
LNs (immunopositive for GABA) (Fig. 4-3c), and in mushroom body Kenyon cells 
(Fig. 4-3e), all known targets of PNs (Fig. 4-3a). Because the GH146 driver also 
labels cells in the optic lobe in addition to the PNs in the antennal lobe, we also 
observed strong GFP induction in neurons that project their axons towards the 
central brain (Figs. 4-3d and e). No GFP induction was observed in the antennal 
lobe or mushroom body in the absence of ligand (no lexA driver, data not shown). 
As indicated above for the L5 neurons, we observed that the CD19mch positive 
neurons did not express GFP (Fig. 4-3b), indicating that the CD19mch ligand and 
the SNTG4 receptor do not interact in cis in the membrane of individual neurons.  
The components of the TRACT system described so far are likely expressed 
throughout the entire neuronal surface, without specific targeting. Therefore, it is 
important to note that in its current version, the induction of GFP expression is 
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broadly reporting cell-cell interactions, not limited to specific synaptic contacts. In 
addition, we had also tested TRACT with the ligand expressed in different types of 
neurons in the adult optic lobe, L1/L2 and T1 neurons and in adult OSNs. 
However, there was no induction in these cases implying that TRACT is not yet 
optimized to detect all neuron-neuron contacts and need further modifications. 
 
Synaptic targeting the synthetic ligand and receptor 
To synaptically target SNTG4 and CD19, we fused them with synaptic 
proteins. First, we tested the receptor SNTG4 fused to a postsynaptic marker, 
neuroligin. Neuroligins are generally thought to play an important role in synaptic 
formation and maintenance while binding to its ligand, neurexin (Bang and 
Owczarek, 2013; Knight et al., 2011). The intracellular domain of neuroligin 
contains a PDZ (postsynaptic density-95 (PSD-95)/Discs large (Dlg)/zona 
occludens-1) binding motif, which binds to several postsynaptic scaffolding protein 
with PDZ-domain, e.g. PSD-95 (Irie et al., 1997). Moreover, it has been 
suggested the neuroligin intracellular domains can also directly bind to other non-
PDZ scaffolding protein, such as gephyrin at the inhibitory synapses (Iida et al., 
2004; Shipman et al., 2011). Neuroligins and their ligand, Neurexins, have been 
also used in many cases to target exogenous proteins at synaptic sites, such as 
GRASP and iBlinc, without detectable effect on the distribution of endogenous 
synaptic markers (Desbois et al., 2015; Kim et al., 2011; Yamagata and Sanes, 
2012). Therefore, we included 260 amino acid residues of the intracellular domain 
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of Drosophila neuroligin 2 (dnlg2) between TMD and Gal4 of STNG4, 
SNT::dNlg2ICD::G4, and generated a new transgenic strain, elav-
SNT::dNlg2ICD::G4.  
While crossing elav-SNT::dNlg2ICD::G4 with 5xUAS-mCD8::GFP alone, 
surprisingly, we noticed strong ligand-independent background of GFP in 
mushroom bodies, optic lobes and part of antennal mechanosensory and motor 
center (AMMC), and weak background GFP in larval neuroblasts (Fig. 4-4, star 
markers). To further test the inducibility of this new synthetic receptor, CD19mch 
was expressed in OSNs driven by Orco LexA driver. Because the ligand-
independent background doesn’t appear near the antennal lobes, we were able to 
observe strong GFP induction in several of the antennal lobe neurons both in the 
larvae (Fig. 4-4a and b) and in the adult (Fig. 4-4c and d). This indicate TRACT 
with the new receptor, SNT::dNlg2ICD::G4, might have higher sensitivity. 
However, the GFP+ neurons of the antennal lobe did not have axons, which is 
consistent with the arborization of the axonless LNs. The counterstaining results 
show that they are all negative for the PN marker, choline acetyltransferase 
(ChAT), but some of them are positive for the LN marker, GABA, which confirms 
they are the LNs (Fig. 4-4b and d). Therefore, TRACT in this case only labeled 
the antennal lobe LNs, but not the PNs.   
Why is there no induction in PNs of antennal lobes? Why is there strong 
background in the optic lobe and mushroom body? One possibility is that the 
activity of elav promoter is not homogenous across different neuron types 
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although it is general considered as a pan-neuronal promoter. For example, 
perhaps the expression levels of SNT::dNlg2ICD::G4 under elav promoter might 
be low in the PNs and  high in the mushroom bodies. To test whether the results 
are due to the promoter, we generated several new transgenic strains carrying 
different variants of the receptor under the control of nSyb (neural synaptobrevin) 
promoter, which is also considered as a pan-neuronal promoter in postmitotic 
neurons. Those variants include STNG4, SNT::dNlg2ICD::G4 and 
SNTCD4/dN::dNlg2ICD::G4 (the comparable version of SNTCD4/hN1G4 tagged with 
V5 epitope at the C-terminals behind Gal4 to facilitate immunostaining.  In 
addition, to enable direct comparisons between strains carrying different 
receptors, the new transgenic flies were generated by site-specific insertion at the 
attP40 site to avoid insertion position effects. First, to confirm the effect of the 
dNlg2ICD on the subcellular localization of the receptor, we performed 
immunostaining against V5 tag to compared the expression patterns of STNG4V5 
and SNT::dNlg2ICD::G4V5. While STNG4V5 preferentially accumulates in cell 
bodies and is largely absent in the neuropil, most of SNT::dNlg2ICD::G4V5 is 
transported to the neurites (Fig. 4-5). In the Drosophila neuromuscular junction, 
dNlg2 is localized in both pre- and post-synaptic sites (Sun et al., 2011). Thus, it 
is possible that SNT::dNlg2ICD::G4 is also present in both the pre- and post-
synaptic sites. This possibility is, however, difficult to disentangle. Nonetheless, 
flies carrying both one of the receptor variant and the reporter 5xUAS-
CD4::tdGFP, show no detectable ligand-independent background in either the 
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larval (data not shown) or the adult brain (Fig. 4-6a) .  
To further test the inducibility of different receptors, STNG4V5, 
SNT::dNlg2ICD::G4V5 and SNTCD4/dN::dNlg2ICD::G4V5 were individually combined 
with the ligand, orco>CD19mch, and the reporter, 5xUAS-CD4::tdGFP. STNG4V5 
nor SNTCD4/dN::dNlg2ICD::G4V5 showed any  induction in adult or larval stages 
(data not shown). SNT::dNlg2ICD::G4V5, on the other hand, showed induction of 
the reporter in a few LNs in the larval stage (data not shown). Interestingly, in the 
adult brain, we observed strong induction in PNs and LNs in the antennal lobes. 
The PN cell bodies are located at the dorsal and lateral regions near the antennal 
lobes (arrows in Fig. 4-6d left panels), and the majority of the GFP+ PN axons are 
running through mACT (arrowhead in Fig. 4-6c bottom panels), and small portion 
of them through iACT (arrow in Fig. 4-6c bottom panels). The results of the 
counterstaining with ChAT confirmed that some of the GFP+ are ChAT positive 
PNs (arrows in Fig. 4-6d top panels), and some of them at the lateral region might 
be the ChAT negative LNs (arrows in Fig. 4-6d bottom panels).   Unexpectedly, 
control adult brains lacking the LexA driver also show strong GFP expression in 
AMMC and in few neurites in the antennal lobes (Fig. 4-6b). This GFP signal, 
which has not been observed in the nSyb-SNT::dNlg2ICD::G4V5/5xUAS-
CD4::tdGFP brain, might be due to the basal expression of CD19 even without 
LexA driver.  
To investigate whether the response mediated by the receptor 
SNT::dNlg2ICD::G4V5 is specific enough to monitor synaptic contacts , we further 
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tested the induction in a single antennal lobe glomerulus. At this level the synaptic 
contacts between OSNs and PNs is restricted to the glomeruli. Therefore, if 
TRACT with SNT::dNlg2ICD::G4V5 enables to specifically monitor the synaptic 
contacts, in theory, the induction would only occur in the ligand positive 
glomerulus. To restrict the CD19 expression to groups of OSNs innervating only a 
few glomeruli, we have screened the database of LexA driver library from HHMI 
Janelia Farm, and found several candidates having LexA activity limited to 1-4 
glomeruli (Table 4-1). Furthermore, we also generated a strain in which 
SNT::dNlg2ICD::G4V5 is driven by GH146 enhancer, GH146-
SNT::dNlg2ICD::G4V5, that is restricted to PNs. The results from different 
combinations of ligand and receptor variants were, however, very inconsistent.  In 
the brain of flies where the ligand is controlled by Ir84a and GMR13C03-LexA 
drivers, there was no or extremely weak ligand-induced reporter expression (data 
not shown). In the combinations with other drivers, whether CD19 is expressed or 
not, DA1 glomerulus, which has low level of ligand-independent background, was 
always positive (Fig. 4-7 star marks in the left panels). When CD19 was driven by 
GMR28H10 or GMR17H02-LexA, reporter induction was observed in one mPN 
(Fig. 4-7c and f). Moreover, the induction pattern in the samples with GMR19F06-
LexA was excluded from the CD19 positive VA1lm glomerulus. In summary, even 
though the ICD of dNlg2 appears to improve the trafficing of the receptor to to 
neurites and away from the cell body, it was not sufficient to specifically target the 
receptor just to the synaptic sites.  
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To further pursue the goal of monitoring synaptic-specific contacts, we also 
tried to target the ligand (CD19) to pre-synaptic sites. To this purpose, we fused 
CD19 with several different pre-synaptic markers, including synaptobrevin (nSyb), 
syntaxin (Syx) and Neurexin1 (Nrx1). Synaptobrevin and syntaxin are both type II 
transmembrane proteins, and play important roles in synaptic vesicle ducking and 
fusion at the active zone of pre-synapses (Jahn and Fasshauer, 2012; Sudhof, 
2013). For these two markers, since their c-terminals is at the extracellular site, 
both of them were fused by the extracellular domain of CD19 at their C-terminals. 
For Nrx1, the type I transmembrane ligand protein of neuroligin at the synaptic 
sites, we replaced its extracellular part with the extracellular domain of CD19. 
Comparing all these three new ligands with the original CD19mch when driven by 
orco driver, we notice that, in nSyb::CD19 antennal lobes, the expression levels of 
the ligand proteins in the glomeruli were more intense than the regions between 
each glomerulus, which shows clear glomerular boundaries in the antennal lobes 
(Fig. 4-8b1 and b1’), and might be due to the lower expression in the OSN axon 
processes (arrow and arrowhead in Fig. 4-8b1’) than axon terminals. In contrast, 
in CD19mch, Syx::CD19 and CD19::Nrx1, the ligand expression levels in the 
axons are as strong as the levels in the antennal lobe glomeruli, for example, the 
axon fascicles of OSNs from maxillary palps (arrows in Fig. 4-8 panels 1’) and the 
antennal commissure, which the OSN axons cross to reach the contralateral 
antennal lobe (arrowheads in Fig. 4-8 panels 1’). These observations indicate that 
nSyb:CD19 might have better presynaptic localization. After testing all these 
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ligands driven by orco driver with nSyb-SNT::dNlg2ICD::G4 and 5xUAS-
CD4::tdGFP, we found Syx::CD19 and CD19::Nrx1 only triggered weak inductions 
in the antennal lobe LNs. In contrast, nSyb::CD19 in OSNs induced strong GFP 
expression in several mPNs and perhaps LNs, but these are still relatively fewer 
than the neurons get inductions by CD19mch+ OSNs. 
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DISCUSSION   
In the original design, despite reliable ligand-mediated induction in larval 
antennal lobes and adult optic lobes, neither the ligand, CD19mch, nor the 
receptor, SNTG4, was targeted to synaptic sites. This lack of proper targeting 
limits the use of TRACT to map synaptic connections. More specifically, TRACT 
does not label all the known synaptic partners of the emitter neurons. For 
example, in flies expressing the ligand in most larval OSNs (with the orco driver), 
we expected ~21 PNs of the antennal lobe to be labeled as postsynaptic partners; 
instead, we observe only one PN labeled (Fig. 4-2b). In addition, only L5 lamina 
neurons expressing CD19 were able to trigger the induction of GFP expression in 
the adult optic lobes, even though CD19 expression levels in L1/L2 and T1 were 
comparable. Finally, TRACT as described so far can only be used to broadly 
report cell-cell interactions, not specific to synaptic contacts. 
These limitations indicate that to enable the use of this strategy for tracing 
brain circuits it is necessary to localize the receptor and/or ligand specifically into 
presynaptic and postsynaptic sites (Sheng, 2001; Sudhof, 2013). Targeting the 
ligand and receptor selectively into synaptic sites could have two important 
benefits. First, it could increase the effective concentration of the signaling 
components in the synaptic membrane potentially leading to stronger signaling 
between synaptically connected neurons. Second, it could also minimize the 
potential for activation of the reporter between neurons whose membranes are 
143	
	
	
close to each other (for instance, between fasciculating axons), but are not 
connected by synapses.  
Therefore, we have modified TRACT by fusing the ligand and the receptor to 
known synaptic markers. For the receptor, by inserting the dNlg2 ICD between 
notch TMD and Gal4 facilitate its transport to the neurites, and increase the 
sensitivity of the system. However, the reason for the improvement is still 
unknown. One possibility is that the more efficient trafficking of 
SNT::dNlg2ICD::G4 to neurites  can increase surface expression of the receptor. 
Such an increase in surface expression could result in a higher number of ligand-
receptor interactions and generate stronger signaling. Alternatively, more receptor 
proteins on the neuronal surface could lead to increased total amount of 
internalized proteins and ligand-independent cleavage of GAL4 fragments. A 
higher basal level of freed GAL4 fragments could take it closer to the threshold for 
the reporter to induce detectable GFP expression, and only a small amount of 
ligand-mediated GAL4 cleavage is required to monitor the contact events. This 
possibility could also explain why, with the same elav promoter, 
SNT::dNlg2ICD::G4 has stronger ligand-independent background in the 
mushroom bodies and optic lobes than the original SNTG4 does, which is similar 
to S(LZ)NTGV receptor mentioned previously in Chapter I. To test this hypothesis, 
my colleague has introduced the temperature-sensitive shibire mutant, shits, into 
the KCs of the elav-SNT::dNlg2ICD::G4/5xUAS-mCD8::GFP flies to attempt to 
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block the endocytosis in the KCs. He found, that after incubating the flies into non-
permissive temperature, the ligand-independent background of GFP expression 
level decrease dramatically (Donghyung Lee unpublished data). This finding 
indicates that the stronger ligand-independent background in SNT::dNlg2ICD::G4 
compared to SNTG4 might result from the better surface expression in an 
endocytosis-dependent manner. However, we still have to keep in mind the 
possibility that by including the dNlg2 ICD makes this receptor is more susceptible 
to be cleaved by metalloprotease in S2 site.  
One thing that needs careful consideration for SNT::dNlg2ICD::G4 are the  
potential effects on synaptic function from the overexpression of dNlg2ICD. For 
many synaptic markers, especially neuroligin, it was shown that overexpression 
can cause significant changes in synaptic functions and animal behavior (Hoy et 
al., 2013). Therefore, although so far the flies carrying any variant of the 
SNT::dNlg2ICD::G4 are generally healthy, and there is no aberrant behaviors 
shown in any of them, care should be still taken to confirm the synaptic properties 
in those flies are normal. In the current version of SNT::dNlg2ICD::G4, it includes 
full length of dNlg2ICD. It would be interesting to test different fragments of 
dNlg2ICD to find the minimal domain required to guide the receptor to neurites. 
Such measure could help to reduce the possible side effects from other domains 
of dNlg2ICD.      
According to the results from single glomerular experiments, 
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SNT::dNlg2ICD::G4 does not appear to be properly targeted to synaptic sites. 
Therefore, in this case, one way to get TRACT to work in a synaptic-specific 
manner is to localize the ligand at the pre-synaptic sites. Targeting the ligand to 
pre-synaptic sites is relatively simpler compared to the receptor. Here we fused 
CD19 ECD with different pre-synaptic markers, nSyb, Syx and Nrx1. In general, 
all these synaptic targeted ligands provided weaker activation compared to the 
original CD19mch. However, only nSyb-CD19, which seems to have better 
synaptic localization, triggers the induction in a few PNs. nSyb is normally 
localized on synaptic vesicles. Only when synaptic vesicles dock and fuse to 
presynaptic plasma membranes at the active zone, nSyb will be transiently 
present on the plasma membrane surface. Soon after fusion, the ligand will be 
recycled by endocytosis back to the synaptic vesicles. This feature of nSyb has 
been utilized on the activity-dependent GRASP, which the reconstitution of split 
GFP only happens when the neuron is actively firing (Macpherson et al., 2015). 
Therefore, we hypothesize that at the normal status only low amount of nSyb-
CD19 present at the pre-synaptic membrane, and only the labeled PNs, which are 
mPNs, have enough contacts with OSNs due to the broad arborizations all over 
the antennal lobes to reach the threshold of the sensitivity of TRACT. In contrast, 
because the contacts between the uPNs and OSNs are restricted in single 
glomerulus, although they make strong connection, the total area of the contacts 
per uPN might be still lower than the one per mPN. In the future, I’m planning to 
artificially boost the neuronal activity of OSNs by odors, dTRPA1 or 
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channelrhodopsin to investigate whether we can label more neurons in different 
types. 
In summary, the preliminary results shown in this Chapter provide promising 
evidence that the TRACT is capable to trace neuron-neuron contacts. Importantly, 
we have shown that in cells that supposedly express both the ligand and the 
receptor on the same membrane in cis show no activation of the reporter (Fig. 4-1 
and 4-2). This observation indicates that in situations where a cell expresses both 
the receptor and the ligand, the activation of the reporter will indicate a trans-
activation, between interacting neighboring cells. We anticipate in the future with 
further optimization TRACT might enable to dissect the neural circuits not only in 
Drosophila but also in other species.  
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MATERIALS AND METHODS 
Transgenic flies.  
- elav-SNT::dNlg2ICD::G4: The SNT::dNlg2ICD::G4 constructs were generated 
by ligating three PCR fragments of SNT, dNlg2 ICD and Gal4.  The SNT and 
Gal4esn fragment was amplified by PCR from FU-SdNTG4-W, and the dNlg2 
ICD was from Drosophila EST RH63339. These three fragments were subcloned 
into the vector, which elav-SNTG4 was digested by NotI and KpnI, by Gibson 
Assembly® Cloning Kit. Transgenic elav-SNT::dNlg2ICD::G4 flies were produced 
by standard P-element integration, and were screened by GAL4 immunostaining, 
and the lines with the highest expression level of SNTG4 were chosen for the 
future experiments.  
- GH146-SNT::dNlg2ICD::G4V5: The SNT::dNlg2ICD::G4V5 construct was 
generated by amplifying SNT::dNlg2ICD::G4 from elav-SNT::dNlg2ICD::G4 with 
the reverse primer having V5 tag sequence, and subcloning  into pCasper-
GH146QF digested by XbaI. Transgenic GH146-SNT::dNlg2ICD::G4V5 flies were 
produced by standard P-element integration, and were screened by V5 
immunostaining, and the lines with the highest expression level of SNTG4 were 
chosen for the future experiments.      
- nSyb-SNT::dNlg2ICD::G4V5 and nSyb-SNTG4V5: The SNT::dNlg2ICD::G4V5 
fragment was directly amplifyied from GH146-SNT::dNlg2ICD::G4V5, and was 
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subcloned into pattNSYBBN digested by EcoRI and AatII. The SNTG4V5 
construct was generated by amplifying from FU-SdNTG4-W with the reverse 
primer having V5 tag sequence, and the SNTG4V5 PCR fragment was subcloned 
into pattNSYBBN digested by EcoRI and AatII. Transgenic nSyb-
SNT::dNlg2ICD::G4V5 and nSyb-SNTG4V5 flies were produced by attb site-
specific integration in attP40 site.  
- LexAop-Syx::CD19 and LexAop-nSyb::CD19: The synthetic DNA fragments of 
Syx1A, nSyb and CD19 with OLLAS tag were generated by gBlocks® Gene 
Fragments. Syx1A or nSyb were, then, ligated with CD19::OLLAS and pJFRC19 
digested by XhoI and XbaI by Gibson Assembly kit. Transgenic LexAop-
Syx::CD19 and LexAop-nSyb::CD19 flies were produced by attb site-specific 
integration in attP2 site.  
- LexAop-CD19::Nrx1: The synthetic DNA fragments of CD19 extracellular 
domain and Nrx1 transmembrane and intracellular domains with OLLAS tag were 
generated by gBlocks® Gene Fragments. These two fragments were, then, 
ligated with pJFRC19 digested by XhoI and XbaI by Gibson Assembly kit. 
Transgenic LexAop-CD19::Nrx1 flies were produced by attb site-specific 
integration in attP2. 
- Janelia LexA driver lines: GMR13C03, GMR13F03, GMR17H02, GMR19F06, 
GMR28H10, GMR46B01 and GMR64B07-LexA are requested from Bloomington 
fly stocks. 
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Genotypes of flies analyzed in the figures:  
Fig. 4-1b: 5XUAS-CD4::tdGFP/elav-SNTG4; LexAop-CD19mch/TM3  
Fig. 4-1c, c1 and c2: 5XUAS-CD4::tdGFP/elav-SNTG4; LexAop-
CD19mch/GMR64B07-LexA  
Fig. 4-2: 5XUAS-CD4::tdGFP/elav-SNTG4; LexAop-CD19mch/orco-LexA::VP16  
Fig. 4-3b and c: 5XUAS-CD4::tdGFP/GH146-LexA::GAD, elav-SNTG4; LexAop-
CD19mch/TM3  
Fig. 4-3d and e: GH146-LexA::GAD, 5XUAS-CD4::tdGFP/GH146-LexA::GAD, 
elav-SNTG4; LexAop-CD19mch/LexAop-CD19mch  
Fig. 4-4a, b, c and d: 5XUAS-mCD8::GFP/elav-SNT::dNlg2ICD::G4; orco-
LexA::VP16/LexAop-CD19mch  
Fig. 4-4a’ and c’: 5XUAS-mCD8::GFP/elav-SNT::dNlg2ICD::G4; LexAop-
CD19mch/TM3  
Fig 4-5 (left panels): nSyb-SNTG4V5/CyO; +/+  
Fig 4-5 (right panels): nSyb-SNT::dNlg2ICD::G4V5/CyO; +/+  
Fig 4-6a: nSyb-SNT::dNlg2ICD::G4V5/5XUAS-CD4::tdGFP; TM3/+  
Fig 4-6b and d (left panels): nSyb-SNT::dNlg2ICD::G4V5/5XUAS-CD4::tdGFP; 
LexAop-CD19mch/TM3 
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Fig 4-6c, d (right panels) and 4-8a: nSyb-SNT::dNlg2ICD::G4V5/5XUAS-
CD4::tdGFP; LexAop-CD19mch/orco-LexA::VP16 
Fig 4-7a: 5XUAS-CD4::tdGFP/CyO; LexAop-CD19mch/GH146-
SNT::dNlg2ICD::G4V5 
Fig 4-7b: 5XUAS-CD4::tdGFP/CyO; orco-LexA::VP16, LexAop-
CD19mch/GH146-SNT::dNlg2ICD::G4V5 
Fig 4-7c: 5XUAS-CD4::tdGFP/GMR17H02-LexA; LexAop-CD19mch/GH146-
SNT::dNlg2ICD::G4V5 
Fig 4-7d: 5XUAS-CD4::tdGFP/GMR13F03-LexA; LexAop-CD19mch/GH146-
SNT::dNlg2ICD::G4V5 
Fig 4-7e: 5XUAS-CD4::tdGFP/GMR19F06-LexA; LexAop-CD19mch/GH146-
SNT::dNlg2ICD::G4V5 
Fig 4-7f: 5XUAS-CD4::tdGFP/GMR28H10-LexA; LexAop-CD19mch/GH146-
SNT::dNlg2ICD::G4V5 
Fig 4-8b: nSyb-SNT::dNlg2ICD::G4V5/5XUAS-CD4::tdGFP; LexAop-
nSyb::CD19/orco-LexA::VP16 
Fig 4-8c: nSyb-SNT::dNlg2ICD::G4V5/5XUAS-CD4::tdGFP; LexAop-
nSyx::CD19/orco-LexA::VP16 
Fig 4-8d: nSyb-SNT::dNlg2ICD::G4V5/5XUAS-CD4::tdGFP; LexAop-
151	
	
	
CD19::Nrx1/orco-LexA::VP16 
All the crosses were maintained at room temperature, and were repeated at least 
3 times.  
Immunostaining and microscopy of fly brain. The brains of the wandering 
larvae or adult drosophila were dissected in 1x PBS under a dissection 
microscope. Brains were fixed by immersing them in a 4% paraformaldehyde 
solution in PBS for 15 minutes at room temperature. Brains were washed in PBS 
three times for 10 mins each, followed by permeabilization with PBS/0.5% triton 
X-100 (PBST) for 30 mins and blocking with 5% serum in PBST for 30 mins. The 
brain samples were stained with antibodies against GFP (rabbit polyclonal from 
Millipore, AB3080P, diluted at 1:1,500), mcherry (rat monoclonal, 5F8, from 
Chromotek diluted at 1:1,000), Brp (mouse monoclonal, nc82, from DSHB diluted 
at 1:50), ChAT (mouse monoclone 4B1, from DSHB diluted at 1:200), V5 (mouse 
monoclone from invitrogen, R960-25, diluted at 1:300; rabbit polyclone from 
GenScript, A00623-100, diluted at 1:500), OLLAS (rat monoclone L2 from Novus, 
NBP106713, diluted at 1:300) diluted in 5% serum/PBST. Brains were Incubated 
with 1ry antibodies overnight at 4C, washed 3 times in PBST, incubated with 2ry 
(goat secondary antibodies, Life Technologies, 1:500, except for rabbit anti-GFP 
AB3080P, which 1:750 was used) for 1.5 hours at room temperature, washed in 
PBST and mounted on glass slides with a clearing solution (Slowfade Gold 
antifade reagent, invitrogen).  
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Stained brains were imaged with confocal microscopes (Olympus Fluoview 300 
or Zeiss 710) under a 40X or 60X objective. In a typical experiment, we imaged 
150 sections with an optical thickness of 0.3-0.5 µm from dorsal or ventral sides. 
Confocal stacks were processed with Fiji to obtain maximal projections.   
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FIGURES 
   
 
 
 
 
 
154	
	
	
FIGURE 4-1. Monitoring neuron-neuron contacts in the optic lobe 
(a) Diagram of the anatomy of the optic lobe of the Drosophila brain indicating 
the distribution of neurites of the L5 neurons (red), and their preferred synaptic 
partners, L1, Mi1, C2 and Tm3 neurons (green). (b and c) Maximum projection 
images from posterior view of optic lobe without (b) and with the GMR64B07-
LexA driver (c). (b) The control optic lobe had weak ligand-independent GFP 
expression, (arrows) in the deeper layers of the optic lobe. (c) Induction of GFP 
expression in the lamina and medulla neurons of the optic lobe upon expression 
of the CD19mch ligand in L5 neurons with the GMR64B07>lexA driver. Emitter 
cells (expressing CD19mch) are labeled in red. Receiver cells (expressing GFP) 
are labeled in green. (c1 and c2) GFP expression induced by the 
GMR64B07>CD19mch in the optic lobe shown in (c) from an anterior (c1) and 
posterior (c2) view. left: distribution of CD19mch+ emitter cells; middle: 
distribution of GFP+ neurons; right: merged imaged of CD19mch (red), GFP 
(green) and neuropil (blue). Neuropil is revealed by the antibody Nc82, which 
labels the presynaptic active zone protein bruchpilot and reveals sites of synaptic 
contacts. Maximum projection of 10 confocal optical sections. (c1) GFP 
expression was induced in a few neurons with cell bodies located at the lamina 
(La) (arrowheads), and a much greater number of neurons in the medulla 
(arrows). Inset in the merged image (top right corner) shows a high magnification 
view of the lamina indicating that the GFP signals of the lamina neurons did not 
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colocalize with CD19mch, indicating there is no cis-activation in the system. (c2) 
GFP+ neurons (arrow in the merged image) in the medulla close to the lobula 
plate (Lp). Inset in the middle (top right corner) shows a high magnification view 
of the GFP+ neuronal cell bodies in the deeper layers of the medulla (arrow). 
GFP+ neurites (arrowhead) projecting into the lobula (Lo) were also observed. 
La=lamina; Me=medulla; Lo= lobula; Lp=lobula plate. Scale Bar: 50 µm. 
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FIGURE 4-2. Monitoring neurons-neuron contacts between the olfactory 
receptor neurons and the antennal lobe 
(a) Diagram of the anatomy of the antennal lobe (AL) in the larval Drosophila 
brain. Axons from olfactory receptor neurons (OSNs)=red; Projections neurons 
(PN) and local interneurons (LN) =green. (b) Induction of GFP expression in 
neurons surrounding the antennal lobe (stippled circle) when the ligand 
(CD19::mch) was driven by orco-LexA::VP16. left: distribution of CD19mch+ 
emitter axons; middle: distribution of GFP+ neurons; right: merged imaged of 
CD19mch (red), GFP (green) . An axon (arrowhead) from a GFP+ PN projecting 
towards the mushroom body. Cell bodies of GFP+ neurons (arrows) surrounding 
the antennal lobe (stippled circle). (c) GABA immunostaining (magenta) confirmed 
that some of the GFP+ neurons (green) induced by orco-LexA::VP16 are LNs. 
Scale bar= 20 µm.  
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FIGURE 4-3. Monitoring neurons-neuron contacts between the antennal lobe 
and the mushroom body 
(a) Diagram of the anatomy of the olfactory system in the larval Drosophila brain. 
AL= antennal lobe; MB=mushroom body. PNs= projection neurons; LN=local 
interneurons; KC=Kenyon cells. Emitter PNs (red); receiver PNs, LNs and KCs 
(green). (b) Expression of the ligand into PNs (GH146-lexA::GAD) induced GFP 
expression in LNs. mcherry+ PNs (arrowheads) surround the antennal lobe 
(circle). The antennal lobe is occupied by the GFP+ branching neurites from the 
GFP+ neurons (arrows). (c) GABA immunostaining (purple) confirmed that some 
of the GFP+ neurons (arrowheads) induced by the ligand are LNs. (d, e) 
Connections between the antennal lobe to the mushroom body. To increase the 
sensitivity of the system to reveal these connections, both the lexA driver and the 
CD19mch were used in this case in a double homozygote stock. left: distribution 
of CD19mch+ emitter cells and their neurites; middle: distribution of GFP+ 
neurons and their neurites; right: merged imaged of CD19mch (red) and GFP 
(green). (d) Several cell bodies of GFP+ neurons (arrows) surround the antennal 
lobe (stippled circle). An axon (arrowhead) from a PN surrounding the antennal 
lobe projects into and branches in the mushroom body (contours outlined by 
stippled line). (e) GFP+ KC (arrow) surrounding the mushroom body (outlined with 
a line). Axon (arrowhead) from a PN surrounding the antennal lobe (oval) projects 
into and branches in the mushroom body. Axons originating from the optic lobe 
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are indicated by a blue arrow in d and e. Scale bar= 20 µm 
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FIGURE 4-4. Monitoring neurons-neuron contacts between the olfactory 
receptor neurons and the antennal lobe neurons by SNT::dNlg2ICD::G4 
(elav promoter). 
SNT::dNlg2ICD::G4 driven by elav promoter was tested to detect the neuron-
neuron contacts in the larval (a, b) and the adult (c, d) antennal lobes. In (a) and 
(c), induction of mCD8::GFP expression in neurons (arrows) surrounding the 
antennal lobe (stippled circle) when the ligand (CD19::mch) was driven by orco 
driver in OSNs. Left: distribution of mCD8::GFP+ neurons; middle: distribution of 
CD19mch+ axons of OSNs; right: merged images of CD19mch (red), mCD8::GFP 
(green). (a’) and (c’) show no induction in neurons near the antennal lobes 
(stippled circle) of the control samples without orco driver. The stars mark the 
ligand-independent background in the larval optic lobe (a’) and the mushroom 
bodies and the axons of Johnson’s organ neurons (c and c’). In (b) and (d), the 
images of a single optical section from (a) and (c) show GABA immunostaining 
(magenta) to confirm that some of the mCD8::GFP+ neurons (green) induced by 
CD19mch+ OSNs are GABAergic LNs (arrows). The arrowheads indicate the 
GABA negative neurons. left: distribution of mCD8::GFP+ neurons; middle: GABA 
immunostaining; right: merged images of GABA (magenta), mCD8::GFP (green). 
Scale bar= 20 µm.  
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FIGURE 4-5. The distribution of the receptor expression in Drosophila CNS. 
The receptors driven by nSyb promoter are tagged by V5 epitope tag (left: nSyb-
SNTG4V5; right: nSyb-SNT::dNlg2ICD::G4V5). The immunostaining was performed 
with two V5 antibodies separately, rabbit anti-V5 (top panels) and mouse anti-V5 
(bottom panels). The single optical sections of the confocal images with 
comparable levels are shown here. nSyb-SNTG4V5 proteins (left) were 
accumulated in the cell bodies (arrows), but relatively weaker in the neuropils (red 
stippled outlines), especially in the sample staining by rabbit anti-V5 antibody (top 
left). Insets in the left panels show a high magnification view of the SNTG4V5+ cell 
bodies (arrows).  In contrast, SNT::dNlg2ICD::G4V5 was concentrated in the 
neuropils (red stippled outlines), but there is no detectable SNT::dNlg2ICD::G4V5 
in the cell bodies outside the neuropils (right). Scale bar= 50 µm. 
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FIGURE 4-6. Monitoring neurons-neuron contacts between the olfactory 
receptor neurons and the antennal lobe neurons by SNT::dNlg2ICD::G4 
(nSyb promoter). 
(a) The image shows that the flies carrying both nSyb-SNT::dNlg2ICD::G4V5 and 
5xUAS-CD4::tdGDP had moderate GFP signals in the dorsal brain (white arrow) 
and the subesophageal ganglions (yellow arrow), which is from the reporter lines 
itself, but not in the antennal and mechanosensory motor center (AMMC, 
arrowheads). (b) However, once the fly carrying the ligand transgene (LexAop-
CD19::mch) together with the receptor and the reporter in (a), strong CD4::tdGFP 
expression was induced in AMMC (arrowheads), even without LexA driver to 
specifically drive the ligand expression. Several neurite arborizations from the 
antennal lobe neurons can also be observed (arrows). The left shows the image 
of anterior half of the brain; the right shows the rest of the posterior brain. (c) 
Induction of CD4::tdGFP expression in neurons (arrows) having the arborizations 
covered the whole antennal lobe when CD19::mch was driven by orco driver in 
OSNs. The top panels show the anterior half of the brain; the bottom panels show 
the rest of the posterior brain. In the bottom panels, the arrowhead indicates the 
axons of the uPNs having the induction of CD4::tdGFP expression run through 
the iACT while the arrow indicates the axons from the CD4::tdGFP+ mPNs in the 
mACT. Left: distribution of CD19mch+ emitter axons; middle: distribution of 
CD4::tdGFP+ neurons; right: merged images of CD19mch (red), CD4::tdGFP 
(green). (d) the images of two single optical section (right top and bottom panels) 
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in different depth show ChAT immunostaining (blue) to confirm that some of the 
CD4::tdGFP+ neurons (green) induced by CD19mch+ OSNs are non-cholinergic 
LNs (arrow in the right top panels), and some are cholinergic PNs (arrows in the 
right bottom panels). The images in the left panels show the antennal lobe of the 
no driver control brain (CD4::tdGFP in green, ChAT in blue). In the right panels, 
the left: distribution of CD4::tdGFP+ neurons; the middle: ChAT immunostaining; 
right: merged images of ChAT (blue), CD4::tdGFP (green) and CD19mch (red). 
Scale bar= 50 µm.      
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FIGURE 4-7. Monitoring neurons-neuron contacts between the olfactory 
receptor neurons and the PNs by SNT::dNlg2ICD::G4V5 (GH146 enhancer) in 
single glomerular level. 
SNT::dNlg2ICD::G4V5 used in this figure was expressed in part of PNs driven by 
GH146 enhancer. To selectively express the ligand in few glomeruli, several LexA 
driver lines, which have LexA activity in 1-3 antennal lobe glomeruli,  were 
selected from the Janelia LexA stocks (see Table 3-1). (a) The images are the no 
driver control sample. Only low level of CD4::tdGFP can be barely observed in 
several brain regions, including DA1 glomerulus (star in the right). (b) the 
induction of CD4::tdGFP expression (left) was triggered by CD19+ OSNs driven 
by orco driver (middle). The axon bundles of the CD4::tdGFP+ PNs in the iACT 
(arrows) can be clearly seen. (c-f) The images show the distributions of 
CD4::tdGFP  expression (the left panels) induced by  CD19mch+ OSN axons that 
innervate in one to three specific glomeruli (stippled circles in the middle panels). 
The LexA divers used here are R17H02 (c), R13F03 (d), R19F06 (e) and R28H10 
(f). Although the ligand proteins were only present in specific glomeruli, strong 
ectopic CD4::tdGFP inductions (left panels) were detected outside the ligand+ 
glomeruli, especially the DA1 (stars) in all the cases. In (d) and (e), The PNs 
having  CD4::tdGFP inductions are likely to be the uPNs, which their axons run 
through the iACT (arrows in the left). In (e), the ligand driven by R19H06 driver 
was expressed in VA1lm glomerulus, in which there is no CD4::tdGFP+ signals. In 
(c) and (f), except of the uPNs, few mPNs were labeled as well. Their dendrite 
170	
	
	
arborizations cover the entire antennal lobes, and their axons are projected along 
the mACT (arrowheads) to the lateral horn directly and subsequently toward the 
anterior medial brain regions. The right panels show the merged images of 
CD4::tdGFP (green) and CD19mch (red). Scale bar= 50µm 
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FIGURE 4-8. Monitoring neurons-neuron contacts between the olfactory 
receptor neurons and the AN neurons by nSyb-SNT::dNlg2ICD::G4V5 and 
pre-synaptic targeted CD19. 
The ligand, CD19, was fused with different pre-synaptic markers, nSyb (b), Syx 
(c) and Nrx1 (d). In panel (1) and panel (1’), the distributions of the different 
ligands expressed in OSN axons driven by orco driver are shown in single optic 
sections (1) or maximum projection (1’). CD19mch (a1, a1’), Syx::CD19 (c1, c1’) 
and CD19::Nrx1 (d1, d1’) are homogeneously distributed in the axon terminals in 
the antennal lobe glomeruli and the axon shafts, such as the antennal 
commissure (arrowheads in a1’, c1’ and d1’) and axon fascicles of OSNs from 
maxillary palps (arrows in a1’, c1’ and d1’). In contrast, nSyb::CD19 (second 
panels from the top) was more accumulated at the axon terminals in the antennal 
lobe glomeruli, which causes the weak signals in the axon shafts (arrowhead in 
b1’) and clear boundaries between each glomerulus (b1). The induction of 
CD4::tdGFP patterns by the CD19+ OSNs are shown in panel (2) and (3) for the 
anterior half of the brains and in panel (3’) for the rest of the posterior brains. In 
a2, a3 and a3’, the induction patterns are identical to the foundings in Fig. 3-7 with 
strong background in the AMMC (arrowheads in a2 and a3’) and the good 
induction in PNs (arrows indicate the green+ mACT). Interestingly, the 
background GFP expression in the AMMC (arrowhead in b2, c2, d2) is not 
existing when the three new ligands were used. In (c2) and (b2), Stx::CD19 and 
CD19::Nrx1 in OSNs only induced weak CD4::tdGFP expression in the antennal 
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lobe neurons. Those antennal lobe neurons do not have the axons go to higher 
order of the brain regions, which indicates that they might be the LNs. In contrast, 
nSyb::CD19 in the OSNs triggered strong CD4::tdGFP expression in some of the 
mPNs, whose axons were projected to lateral horns directly through mACT (white 
arrows in b3’), and weak GFP in a few other PN as well, whose axons are in iACT 
(yellow arrows in b3’) .   
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Table 4-1. The LexA driver lines used for single glomerular expression of 
CD19.  
LexA driver labeled glomeruli 
Ir84a VL2a 
GMR13c03 VL1 
GMR13F03 DM2 
GMR17H02 VA1lm DA1 DA4l 
GMR19F06 VA1lm 
GMR28H10 VC1 
GMR46B01 VA7l or (VA7m and VM5d)? 
.  
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CHAPTER 5: CONCLUSION AND PERSPECTIVE 
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After Ramon y Cajal (1899) published his first work regarding the elegant 
observation that neurons are the fundamental building blocks of the nervous 
system, neuroscientists have been trying to understand the link between 
neuronal wiring, computation and animal behavior. Most functional brain regions 
contain not only one type of principal neuron receiving and sending information 
between their partners in other brain regions, but also interneurons and glial cells 
to modulate the communications inside this region. Therefore, in order to 
comprehensively understand how the neural networks process information, first, 
we need to know which elements, neurons and glial cells, are involved in the 
circuit (Cazemier et al., 2016; Fornito et al., 2015; Schreiner et al., 2016). 
Currently there are several ongoing projects attempting to systematically dissect 
and map the entire brain circuits from Drosophila to Human and from macroscale 
to microscale, e.g. the FlyEM, the MouseLight, the Mouse Connectome Project, 
Allen Mouse Brain Connectivity Atlas and the Human Connectome Project, etc.     
Many studies have also indicated that the abnormal changes in the neural 
circuits could result in several psychiatric disorders. For example, the imbalance 
of excitation/inhibition activity in brains might be the common mechanism 
involved in schizophrenia and autism (Peca and Feng, 2012; Gao and Penzes, 
2015). Moreover, it has been hypothesized that the synaptic loss and 
inflammation reactions of glial cells might be the early sign of the neuronal death 
in brain diseases such as Alzheimer’s disease, prion disease and amyotrophic 
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lateral sclerosis (Hilton et al., 2013; Hong et al., 2016; Wishart et al., 2006). The 
detailed knowledge of neural circuits and networks can help us not only to 
understand the mysteries of the nervous system but also to identify the circuit-
level changes that accompany brain disease. Such findings may allow 
investigators to design new treatments focusing on the correct targets that were 
otherwise unknown.   
In addition, a comprehensive map of neural circuits of different species 
could also allow us to understand the beauty of the designs in different animals. 
Animals have evolved for millions years to build extremely efficient machinery for 
particular tasks, such as flight and swimming. For instance, how do the motor 
neurons of insects or fishes control and coordinate the muscle movements during 
flight or swimming, respectively? How do the sensory feedback inputs fine-tune 
the slight change to achieve the maximum outputs to immediately turn the 
direction to avoid predators? To understand the detailed connectome of these 
circuits could provide a blueprint for scientists to design a more efficient and tinier 
device or robot that might be able to operate some special tasks or benefit 
human beings in the future (Liu et al., 2016a; Raj and Thakur, 2016).     
As mentioned in the introduction, each of the methods for tracing the 
neuronal connections has its advantages and disadvantages (Table 1-1). In 
choosing the appropriate method for tracing nervous system connectivity, it is 
crucial to first identify the nature of the question at hand.   The main advantages 
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of signaling systems based on ligand-induced membrane proteolysis are the 
following: (a) They are fully genetically-encoded, and therefore could be used 
with high reproducibility in transgenic animals. Moreover, as we demonstrate 
here, the ligand and/or the receptor could be driven with promoters specific to 
selective cell populations to enable monitoring of cell-cell interactions from 
specific cell types and developmental stages, (b) They can be used in any 
species in which transgenesis is possible. This is particularly important for mice 
(Anderson and Ingham, 2003), Drosophila (Bellen et al., 2010) and zebrafish 
(Fetcho and Liu, 1998), three model organisms of great interest to developmental 
biologists and neurobiologists with extremely powerful genetics, (c) The 
interacting cells can be studied both in vivo (combined with live imaging, 
electrophysiological recordings and optical monitoring of activity) or in fixed 
tissue (by fluorescent or electron microscopy), (d) They can be used in high-
throughput experiments because unlike electron microscopy, it is not labor 
intensive. In addition, as we have shown here, it is reproducible between animals 
because it does not require injections of the signaling components or any other 
chemical. (e) The system can be used to genetically modify the interacting cells. 
For instance it could be used to induce the expression of transgenes such as 
TRPA1, genetically-encoded calcium sensors (Tian et al., 2012; Yizhar et al., 
2011) or optogenetic constructs (Yizhar et al., 2011) based on synaptic contact 
for functional analysis of newly identified circuits. (f) Lastly, it could be used to 
control cell fate or function by regulating endogenous genes indirectly through 
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nuclear translocation of drivers such as cre, flp, lexA, or tetA (del Valle Rodriguez 
et al., 2011; Lewandoski, 2001; Venken et al., 2011), or directly by fusing 
endogenous transcription factors to the artificial receptor. We anticipate that 
these synthetic genetic systems will be particularly useful to investigate cell-cell 
interactions during development in vivo.   
In its current implementation, our results clearly demonstrate that TRACT is 
capable of detecting neuron-glia contact in Drosophila. In addition, this 
application of TRACT serves as a much-needed tool for selectively labeling 
groups of glial cells. Though systems such as MARCM or Flip-Out can be used 
to sparsely label glial cells in mosaic clones, both systems are inherently 
stochastic and cannot be used to control gene expression in a stereotypical set 
of cells. With TRACT, we have shown that it is now possible to readily identify 
and consistently label subpopulations of glial cells based on their contact with 
known neuronal types.   For neuron-neuron contacts, because it does not require 
prior knowledge of the neurotransmitters used or putative synaptic partners, 
TRACT with optimization would be ideal for unbiased identification of novel 
synaptic connections. However, more detailed analysis is still required to confirm 
the efficiency of the synaptic targeted ligand, nSyb::CD19. Ideally, nSyb::CD19 
could minimize the potential for activation of the reporter between neurons whose 
membranes are close to each other (for instance, between fasciculating axons) 
but are not connected by synapses.  
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In addition, we also anticipate that TRACT will be able to be used in 
studying several crucial cell-cell contact events during animal development or 
cancer progression, such as cell migrations or metastasis. Because those cell-
cell contacts are very dynamic and transient, one of the major drawbacks of 
TRACT is that the readout requires several steps, including proteolytic 
cleavages, nuclear translocation, DNA transcription and RNA translation. 
Therefore, it might take around 1 day to generate detectable changes of the 
induction. Moreover, how long the signals would last, which depends on the half-
lives of the reporter proteins, also needs to be addressed because prolonged 
half-life could increase the chance of overlapping of that two individual signals, 
and influence the readout or mislead the analysis. In this case, perhaps, instead 
of regular GFP, destabilized GFP or split horseradish peroxidase can be 
considered for the final readout (Corish and Tyler-Smith, 1999; Li et al., 1998). 
Moreover, it is important to note that, according to the results we have 
shown in the previous chapters, the promoter driving receptor expression needs 
to be carefully chosen as it will likely influence whether TRACT can work 
successfully in vivo. For example, elav-SNTG4 could be activated by contact with 
ligand-expressing cells in the larval antennal lobe as described in Chapter 3 and 
4, but not in the adult antennal lobe (data not shown). In contrast, induction 
experiments with the nSyb-SNT::dNlg2ICD::G4 receptor only labeled a few LNs 
in the larval antennal lobe(data not shown), but many PNs and LNs in the adult 
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antennal lobe. It is tempting to attribute the opposite patterns of inducibility to 
differentially regulated activities of elav and nSyb promoters through 
development. In addition, SNT::dNlg2ICD::G4 driven by different promoters, elav 
or nSyb, resulted in different patterns of ligand-independent background and 
inducibility. This indicates that promoters determine the expression levels of 
receptors in different neuronal types. Finally, although alrm-SNTG4 worked 
efficiently in the larval stage to selectively label astrocytes contacting given 
groups of neurons, in the adult brain, this receptor led to high ligand-independent 
background (in the optic lobes and ventral central brains) and lacked inducibility 
in the antennal lobes (data not shown). The variability introduced by the 
promoters seems to restrict the system to narrow developmental time windows or 
neuronal types. Therefore, to achieve a more homogenous expression of the 
receptor, I plan to implement a flp-out system in which SNT::dNlg2ICD::G4 
cassette is under the control of a housekeeping gene promoter that theoretically 
has more consistent activity across different cell types. A cell type-specific Flp 
will be used to selectively express SNT::dNlg2ICD::G4. For example, 
tubP>stop>SNT::dNlg2ICD::G4 in conjunction with nSyb-Flp could be used for 
pan-neuronal expression.  
Another drawback that we encounter is the ligand-independent activity of 
the receptor. The ligand-independent activity of Notch is generated through 
endosomal trafficking of Notch proteins to lysosome. Therefore, to secure 
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development processes from ectopic Notch ligand-independent signaling, the 
internalization of Notch protein on plasma membrane is tightly regulated by 
endosomal sorting, ubiquitination and cis-inhibition of the ligand (Fortini and 
Bilder, 2009; Palmer and Deng, 2015). In addition, several studies have 
demonstrated that, to trigger notch signaling, only a small strength of force is 
required (Gordon et al., 2015; Wang and Ha, 2013). Therefore, perhaps the 
natural design of the Notch NRR and TMD is very sensitive to small change of 
protein structure that could cause ligand-independent activity, and it is possible 
that there is not much room for us to reduce the background while preserving 
strong inducibility. Moreover, this system still relies on the activity of ADAM and 
γ-secretase to release the intracellular transcription factor. Although it is thought 
that these proteases are expressed ubiquitously, there is no direct evidence 
proving that their activity levels are comparable in different cells or throughout 
different developmental stages. This possibility could cause the variations in the 
current TRACT system. Currently, our group is attempting to generate a new 
synthetic receptor carrying a motif, instead of the Notch NRR, that can be 
recognized and proteolytically cleaved by an exogenous protease, which would 
act as the ligand. The idea is, once the ligand protease is bound or close to the 
new receptor, it will cut and shorten the receptor proteins, and subsequently the 
intracellular GAL4 will be released. We anticipate that this will allow us to gain 
more control over the system.  According to our preliminary results, the new 
synthetic receptor has good surface expression and minimal background in vitro, 
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and after adding the protease in the culture medium, it triggers strong induction 
within hours (Antuca unpublished data). Furthermore, surprisingly, the induction 
was also able to be triggered once the antibody recognizing the extracellular 
domain of the new receptor was anchored on the surface of the culture plates 
(Donghyung Lee unpublished data). It indicates that, even without NRR, if the 
structural folding is suitable, mechanical force can also trigger a transmembrane 
protein to be also cleaved by metalloprotease. Therefore, this new receptor might 
provide us two future directions by utilizing either endogenous or exogenous 
protease. 
In conclusion, as connectomic methods continue to be developed for higher 
organisms, one day we may more fully understand the details of the nervous 
system, especially there are still many types of neurons are not well-
characterized yet. However, there is a lesson to be learned from the precedent in 
C. elegans: the connectome alone, no matter how complete, cannot explain how 
brain circuits work in real time. What more importantly is, with 
electrophysiological or optical recordings, etc., to establish an understanding of 
the dynamics of neural circuits in parallel.     
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